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Abstract: Engine brake torque is a key feedback variable for the optimal torque split control of an
engine-motor hybrid powertrain system. Due to the limitations in available sensors, however,
engine torque is difficult to measure directly. For torque estimation, the unknown external load
torque and the overlap of the expansion stroke between cylinders introduce a great disturbance to
engine speed dynamics. This makes the conventional cycle average engine speed-based estimation
approach unusable. In this article, an in-cycle crankshaft speed-based indicated torque estimation
approach is proposed for a four-cylinder engine. First, a unique crankshaft angle window is selected
for load torque estimation without the influence of combustion torque. Then, an in-cycle angle-
domain crankshaft speed dynamic model is developed for engine indicated torque estimation. To
account for the effects of model inaccuracy and unknown external disturbances, a “total
disturbance” term is introduced. The total disturbance is then estimated by an adaptive observer
using the engine’s historical operating data. Finally, a real-time correction method for the friction
torque is proposed in the fuel cut-off scenario. Combining the aforementioned torque estimators,
the brake torque can be obtained. The proposed algorithm is implemented in an in-house developed
multi-core engine control unit (ECU). Experimental validation results on an engine test bench show
that the algorithm’s execution time is about 3.2 ms, and the estimation error of the brake torque is
within 5%. Therefore, the proposed method is a promising way to accurately estimate engine torque
in real-time.

Keywords: engine torque estimation; GDI engines; extended state observer; online performance

1. Introduction

Engine-motor hybrid powertrain systems have been widely used in passenger vehicles [1] to
meet increasingly strict emission legislation and improve fuel economy. Optimal torque split between
the engine and torque is obviously essential to achieve the best overall efficiency for hybrid vehicles.

Due to the fundamental nature of internal combustion engines (ICEs), the torque’s response is
slower than the motor’s and is usually difficult to measure directly [2,3]. The degradation in engine
torque control performance will, in turn, have an adverse effect on the overall fuel economy of the
hybrid powertrain systems [4]. This drives the need for real-time estimation of the engine torque,
especially in the application of hybrid electric vehicles (HEVs) [5].

Various solutions were available for engine torque control in the past. The most straightforward
method to measure the engine torque is by in-cylinder pressure sensors or torque sensors. These
solutions, however, increase the hardware cost and create an issue of durability. For instance, the
cylinder’s pressure may suffer from its harsh thermal environment. These factors limit the application
of this method in stock engines [6-9].
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An alternative cost-effective solution without the need for additional sensors is to use a
crankshaft instantaneous speed sensor, based on the causality between the engine torque and engine
speed variation [10,11]. Theoretically, any changes in the engine brake torque can be sensed from the
fluctuation of the crankshaft’s instantaneous speed [12]. Three methodologies are commonly used in
crankshaft speed-based torque estimation, consisting of black-box model-based estimation,
frequency analysis-based mapping, and crankshaft dynamic model-based estimation [13]. The first
solution is to use a black-box model (such as a neural network and nominal function) to describe the
relationship between the engine torque and crankshaft instantaneous speed [14-18]. However, these
methods need an amount of data to train the black-box model. Moreover, their model parameters
vary with the operating conditions caused by the nonlinear nature of the engine speed dynamics.
This makes a single model unsuitable for estimating engine torque under all operating conditions.
To improve the estimation accuracy, a piece-wise linear model is a popular solution but comes at the
cost of a heavy workload during calibration.

Frequency analysis-based mapping [19] can be used to estimate the indicated torque. After the
crankshaft’s instantaneous speed and indicated torque are processed by DFT (discrete Fourier
transform), a significantly positive correlation can be observed between the two signals in the main
harmonic order [20]. However, this requires complicated signal and computational processing and is
unsuitable for online applications in the engine control unit (ECU). The third approach is to use
crankshaft dynamic models, which can be expressed in the torque balance equation [21-25]. The
crankshaft dynamics model can be divided into two categories: A rigid model and an elastic model
[26]. The elastic crankshaft dynamics model has higher prediction accuracy and wider working
conditions than the rigid model. However, the elastic model requires a large amount of calculation
work, which limits its use in real-time applications [13].

In order to increase the adaptability and accuracy of the torque estimation algorithm, the intake
process and combustion process are also considered in crankshaft speed modeling. Obviously, this
makes the physical model too complicated to implement in an ECU without many model parameters
for calibration [27]. Additionally, for the engine friction torque estimation, a look-up table approach
is simple to implement and shows degraded estimation accuracy with the aging of the engine [28]. In
addition, the unknown resistance torque from the gear box and the wheel makes the engine speed-
based engine torque estimation more challenging. To sum up, it is clear that the on-board torque
estimation algorithm is challenging, due to the dilemma between the estimation’s accuracy and its
feasibility in embedded system implementation [13].

Currently, the existing torque online estimation methods are primarily based on look-up tables
calibrated offline. This is simple-to-straightforward to implement, but the estimation accuracy
deteriorates as the engine ages. One contribution of the proposed algorithm is the ability to be
adaptive to the aging of the engine.

In this paper, an engine brake torque estimation approach is proposed for a four-cylinder engine,
consisting of the load torque estimator, indicated torque estimator, and a friction torque observer. In
fact, the brake torque estimation is valid for both four-cylinder and three-cylinder engines. For
engines with a cylinder number equal or less than four, there exists a unique crankshaft angle
window, where there is no overlap of the combustion processes. For engines with more than four
cylinders, such kind of crankshaft window does not exist, which affects the estimation of total gas
torque. First, the load torque estimator is designed for the unique crankshaft angle window. Then, an
in-cycle angle-domain crankshaft speed dynamic model is developed for engine-indicated torque
estimation with a deviation from the model of a real plant lumped as the total disturbance for
estimation. Finally, a real-time correction method for the friction torque is proposed for use in a fuel
cut-off scenario. The proposed algorithm is implemented in a multicore ECU to testify its accuracy,
computational time, and central processing unit (CPU) loads.

The rest of this article is organized as follows. In Section 2, the experiment setup is discussed
briefly. Then, an engine torque observer algorithm is proposed in Section 3. The engine torque
observer estimation results and embedded performance are discussed in Section 4. Finally, the
conclusions of this study are shown in Section 5.
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2. Experiment Setup

The experiment was conducted on a Greatwall Motor EC02 GDI (Gasoline Direct Injection)
engine test bench (as shown in Figure 1) with a Horiba DYNAS3 LI 250 electric dynamometer. The
schematic diagram of the test bench is shown in Figure 2. The engine has a firing order of 1-3-4-2, and
all four cylinders are equipped with in-cylinder pressure sensors for the indicated torque estimation
(the baseline for observer validation). The detailed engine specifications are tabulated in Table 1.

Table 1. Engine specifications.

Variable Value
Displacement (liter) 20L
Cylinders 4
Compression ratio 9.6
Bore (mm) 82.5
Stroke (mm) 92
Connecting rod (mm) 144
Maximum torque (Nm)/speed (rpm) 385/1800
Rated power (kW)/speed (rpm) 165/5500
Intake mode Naturally aspired

Figure 1. Experimental environment for the engine bench.
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Figure 2. Schematic diagram of an engine experimental platform. ECU, engine control unit; IAT,
intake air temperature; MAP, manifold absolute pressure.

3. Engine Torque Observer Development

In this section, the derivation of the proposed engine torque estimation algorithm is discussed
in detail, including engine dynamic model identification, the indicated torque observer [29], and the
brake torque observer.

3.1. Engine Dynamic Model

The instantaneous rotational speed of the crankshaft is affected by the torque enforced by the
crankshaft following Newton’s law. In the crankshaft dynamics, a combination of the brake torque,
the friction torque, the indicated torque, and the reciprocating inertia torque works on the crankshaft,
causing engine instantaneous speed to fluctuate. There are two kinds of dynamic model in literature,
the elastic model and the rigid-body model. The rigid-body model is simplified from the elastic
model. Although the elastic model of the crankshaft has high accuracy, the calculation process needs
to consume more computing resources. The rigid-body crankshaft dynamic model needs less
computing resources, but it has a lower accuracy. This section proposes a rigid-body crankshaft
model with a disturbance factor (1), which is used to compensate the error caused by dynamic model
simplification process.

U + Af(@)]@ =Tpa — T — Tfric —Te (1)

where ] is the rotational inertia of the crankshaft, 6 is the rotation angle of the crankshaft, AZ(8) is
the disturbance factor, 6 is the angular acceleration of the crankshaft, T, is the indicated torque,
T, is the reciprocating inertia torque, Tf,;. is the friction torque, and T, is the brake torque.

As seen in Equation (1), the angular acceleration is the second-order derivative of the crankshaft
rotation angle (), which is very noisy. So, a finite impulse response (FIR) filter is used to process the
angular speed signal with a cut-off frequency of 300 Hz. A Kalman filter is used to calculate the
angular acceleration.

3.1.1. Reciprocating Torque

The reciprocating torque is generated by the reciprocating part of the connecting rod system.
The schematic diagram of the movement of the connecting rod system is as follows in Figure 3.
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Figure 3. Crank and connecting rod mechanism.

My osc 1S the reciprocating mass of the system, including the piston group and the reciprocating
part of the connecting rod. l,s. is the length of the reciprocating part of crank connecting rod
mechanism. m,;.,,; is the rotation mass of the system, including the crankshaft and the rotation part
of the connecting rod mechanism, and [, is the length of the rotating part of the connecting rod. [,
denotes the length of the connecting rod. R is radius of the crank. 6 is the crankshaft rotation angle.
¢ denotes the connecting rod angle. v, is the velocity of the piston. v, is the linear velocity of the
crank. d denotes the piston pin offset, which is neglected in this research.

According to the law of conservation of energy, the system’s kinetic energy consists of the kinetic
energy of the reciprocating mass and the rotation mass, which can be expressed as Equation (2) [23].

]92 = mr,oscvl2 + mr,rotvzz (2)
The velocities of the reciprocating mass and the rotation mass can be expressed as:

A,.-sin26 |
2 /1 — 1,2sin%6 3)

where 4, = (R/l,) denotes the crank radius to connecting rod length ratio [23].
So, according to Equations (2) and (3), the moment of inertia of the system can be expressed as:

( .
{vl = RO[sinb +

tVZ = R@

. A,.-5in26
/= mr,osch[Slng ]+ mr,rotRZ )
2 /1 — A,%sin%6
T, denotes the reciprocating torque [23].
T = mr,oschf(g)[f(g)é + 9(9)92] )
where:
A,.s5in26

() = sinf + ———
2 /1 — A,%sin20

A,sin26 N A,2sin?(20)

g(8) = cosb + .
\/1 — A,%sin%6 4J1 — 1,%sin%6

The total reciprocating torque can be written as:

N N
T = D T =t gueR? D £(0 = $If (6 — 8 +9(6 — $)6] ©)
k=1 k=1
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where:

_41rk 1
d)k_W( -1).

N is the number of cylinders, in this case N = 4. ¢, (k = 1,...,N) denotes the phase of the kth
cylinder [13].

3.1.2. Indicated Torque Estimation

Indicated torque is generated at two process, the compression process and the combustion
process. The indicated torque during combustion process is difficult to estimate. However, the
compression process can be considered as a polytropic process, the in-cylinder pressure can be
estimated using the manifold absolute pressure (MAP) sensor and the intake air temperature (IAT)
sensor, assuming that the in-cylinder pressure can be approximated by MAP at the timing of intake
valve closing and corrected by volumetric efficiency. The MAP sensor and IAT sensor are already
standard sensors equipped in stock engines. The estimated pressure then can be used to calculate the
indicated torque during compression process, shown in Figure 4.

Pey V" = const 7)

where P, denotes the in-cylinder pressure; V denotes the gas volume; and « is the polytropic
process factor, which is taken to be 1.3 in this research within the compression stoke [21].

V=V.+ R+ —Rcosb — L, ’1 — 1,%sin20) ”TBZ. 8)

where V, is the combustion chamber volume, and B is the cylinder diameter [22].
The total indicated torque is:

BZ
Ting = Zh=1 Ting = "o R SR-a[Peyi ™1 (6 — $1)). )

3.1.3. Load Torque Estimation

For an internal combustion engine, the load torque (T},44) involves two parts: The brake torque
(T,) and the friction torque (Tfyic). Tipaqa @ slow-varying variable compared to the combustion
process, so Tj,4q can be considered approximately as a constant in one cycle. In the crankshaft
dynamic model, both T,,,q and Tj,4 are unknown variables, which makes Tj,,4 difficult to
estimate. In Section 3.1.2, T,y during the compression process can be estimated, which can be
defined as gas torque (Ty4;). For four-cylinder engines and engines with less than four cylinders, there
is a unique crankshaft angle window, where the sum of the other three cylinders can be neglected
[21]. Within this particular crankshaft angle window, the total indicated torque can be calculated
from the cylinder in the compression phase. A Tj,,4 estimator can be designed in this window,
where there is no combustion, even for all cylinders. A bench test was done to locate this angle
window, and experimental result shows that 50 crank angle before TDC to 20 crank angle before TDC
is the unique angle window to estimate the total gas torque for all cylinders. Meanwhile, this angle
window can be used to estimate Tj,,q and A&(6).
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Figure 4. Comparison of the estimated and measured in-cylinder pressure during the compression
stroke.

In the unique crankshaft angle window from 50° before TDC to 20° before TDC, the only
unknown variables are Tj,qq and A&(6). So the Ty,,q estimation issue can be regarded as a system
parameter estimation issue. The least-squares method is a method for identifying system parameters.
However, there are few sampling points in the unique window, and the least-squares method is
challenging for online applications. So Tj,,, estimation algorithm using the recursive least-squares
method is proposed, and the algorithm can process the sampling data in multiple cycles. The
estimated load torque (T}o44) at the end of last cycle will be set as the initial load torque into the engine
load torque estimator. T,,qq and A&(@) are key variables for Ti,; observer in the next section.

The specific algorithm is shown in Figure 5. The manifold absolute pressure at intake valve close
(IVC) Pyap_vc is used to calculate Ty,

Tgas
Pyap_ve 4
Engine dynamic model and Engine load
trar_ve angular signal processing observer

o i

Figure 5. Schematic diagram of the load torque estimation method based on angular speed.

During the unique crankshaft angle window, Equation (1) can be transformed as:

T, = ]eé + Tioaa- (10)
where:
Ti0aa = Tfric +T, T, = Tgas =T, Je=] +A&(6)

For the K times of successive sampling, Equation (10) can be:
T, (1) ¢(D)

6(1) 1
T, (K)

M
b0 1 [de]*

. (11)

¢(K)
Where ¢ is white noise with mean value 0.
So Equation (11) can be described as:

Ty = POk + ¢ (12)
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T, (1) 6(1) 1 I ¢(1)
TK = : , (I)K = : , OK = [T K :|/ = :
T, (K) 6(K) 1 toadx ¢(K)
According to the recursive least-squares method:
@K = PK(DKTTK (13)

Py = (q)KTq)K)_l

For K +1, when a new 6(K+1) and T,(K+1) are calculated, we define Wy, =
[6(K+1) 1], so:

Pypr = (Pt + Wit Wi ) (14)
Then the @ can be estimated using recursive least-squares method:

Q1 = PyWii1(1+ Wiy PcWiir) ™!
Pygi1 =Py — QK+1'I’KTPK (15)
O = 0k + Qi1 (Tisr — Prar O)

The convergence of @ requires a certain amount of T, and 8. Therefore, the recursive process
is expanded to multiple cycles, that is, the initial value of the estimated parameter @, including T}yqeq
and A&(6), is the result of the last estimated value from the previous cycle.

3.2. Indicated Torque Observer

3.2.1. Engine Management Model

This engine management model is a serious model to calculate the initial indicated torque
Tina ini, and the model is the base of the extended state observer (ESO) to estimate the indicated
torque. The engine management model contains the thermal efficiency model, the crankshaft
dynamic model, etc. [30].

The indicated work comes from the combustion process of the delivered fuel, and can be
modeled as a function of fuel heating value, the delivered mass of the gasoline and the operation
conditions [30]. The indicated work can be expressed as:

Wina = meqruvEss (16)

where W, is indicated work, my is the delivered gasoline mass, q,uy is gasoline heating value.
Efs is thermal efficiency, which can be expressed as:

1 _ .
)+ min (1,2 ign(Bign) * g en (6, V) (7)

K—1
rC

where 7. denotes the compression ratio, V; is the engine displacement, 6,4, is the position for the
ignition timing, 7;,4,, is the ignition efficiency, 7,4 cx (8,V,) is the heat transfer efficiency between the
real and the ideal cycles, 4 denotes the air/fuel ratio, and min (1,4) describes that the fuel mass
cannot fully utilized in the case of a rich mixture [30].

The engine dynamic model used in this section is already mentioned in Section 3.1

3.2.2. Indicated Torque Observer Design

Here, an indicate torque observation method is built using ESO. The indicated thermal efficiency
Efs is the key parameter to calculate the indicated torque. However, the Ej; is a state parameter of
the combustion process, which is impossible to measure. So an ESO is built on the base of the engine
management model, the uncertainty of the indicated thermal efficiency AE;; is proposed to
compensate the total error of the engine management model. The indicated torque observer based on
ESO is shown in Figure 6.
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The intake air quantity (Q;,4ss) used to calculate the initial indicated torque, along with the Tj,qq
estimated in Section 3.1.3, are processed by crankshaft dynamic model into engine rotation speed .
The engine speed simulated by the crankshaft dynamic model is compared with the engine speed
measured. The error between the simulated engine speed and the measured engine speed is obtained
by ESO-based indicated thermal efficiency observer to calculate the AE;;. Once the AEfs is
calculated, the indicated torque i, can be calculated using AE;, Qugass, and A. The detailed
solution consists of system modeling in Equation (18), the model-based ESO design as Equation (20),
and the ESO parameter tuning as Equation (23).

Tload

Tina ini ( Crankshaft

l dynamic model

( Indicated thermal o
L efficiency observer

Thermal efficiency compensate

anass ( T
Indicated thermal ind
A efficiency observer
—
.

Figure 6. Schematic diagram of the basic structure of the indicated torque observer.

Qmass Initial indicated
torque estimator

The crankshaft dynamic model can be described as a first order linear system, as in Equation
(18):

é -t E AE ! T 1 T 1
= 4wl + a2 @] 1+ ) @mass = 1wy e < T aEey (18)

The ESO can be described as:

{z’=Ax+Bu+L(y—37)

9 =Cz (19)

where z is the estimated value of x, and J is the estimated value of y [31]. So, Equation (18) can be
described as:

1
21 = al(Eff +Z2)Qmass _] T Af(@) Tfric _] +Af(9) Te +ﬁ1(y_j>)

, N 20
Zy =B (y — 9) (20)
y =2z
where:
4
a1 -
4AmA[] + AE(0)]
State matrix A, B, C, and gain matrix L can be described as:
— 0 a10mass — [alEff] = = I:ﬁl]

a=[y W] p= | c=0n oL=|, (21)

To make the indicated thermal efficiency observer in Equation (19) converge, the characteristic
roots of the polynomial A — LC should be located in the left half of the complex plane.

|AT—A| = 5% + By %5+ o * Oy * Quass (22)
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According to [31], the observer gains, f; and f,, can be solved by the pole configuration
method, and the concept of the bandwidth was introduced. The observer gain factors f; and f,
represent the observation speed of the observer, which is the bandwidth. With larger bandwidth, the
observer can acquire more information, but more system noise is also sampled by the observer. In
Equation (23), w, must be a positive value to ensure the convergence of the observer.

(s + wo)? =5+ Py *5+ By *ay * Qass (23)
B = 200,y =
= 2wy, =
! oz a1 * Qmass

By adjusting the bandwidth parameter w, to adjust the system gains f; and £, , the observer
can get a better observation result. So the complicated parameter adjustment problem of the system
gains f§; and fB, can be simplified into one parameter w, problem, which can greatly reduce the
workload of the indicated thermal efficiency observer parameter adjustment.

3.3. A Self-Learning Observer for Brake Torque Estimation

The Tiqq of a GDI engine (the total torque of the brake torque and friction torque) was
estimated. In order to calculate the brake torque (T;), the engine friction torque (T;.) must be
calculated first. An empirical engine friction model is established to change the look-up tables in
traditional control algorithms. The engine friction model’s parameters could be identified during
certain operation points of the engine, such as in idle and fuel cut-off operating conditions, which do
not only save a large amount of calibration work, but can also update the friction torque, along with
the engine operations. Finally, both Ty, and T, can be calculated from load torque (as in Section
3.1.3.

Engine friction torque includes the friction loss of accessories in mechanical systems, the friction
loss of crankshaft bushings, piston liners and piston rings, the friction loss of valve trains, etc. A
detailed engine friction torque model could better describe the relationship between Ty, and
engine working characteristics, but this model would be too complicated and unsuitable for online
applications. In traditional applications, a look-up table is used to describe friction torque. Thus, it
requires a large amount of calibration work and is not easy to be corrected online. Therefore, a friction
torque mean value model is proposed.

According to [32], Ty increases with an increase in engine speed. This relationship can be
described as in Equation (24):

2
Tfric =0+ Czeavg + C39avg (24)

where ém,g is the engine’s average speed; and C;, C,, and C; are the model’s parameters.

Tfyic is also related to oil temperature. The reference friction torque is calculated as T,..; at the
oil viscosity of . 5 then, regardless of the initial oil viscosity, after an initial period of transient
behavior, the T, can be expressed with an oil viscosity of u [33], as follows:

Tryi "
Jric _ (L) _ (25)
Tre f Href
where n is the model’s parameter. n generally is taken within the range of 0.29 to 0.35.
In this study, the correction of the oil viscosity is simplified as follows:
Catoil

Tfric = lyef - € (26)

where t,; is the oil temperature of the engine, and the reference temperature is 0 °C.
Base on the reference model at a temperature of 0 °C, an engine friction model is proposed as:

2 o
Tfric = (Cl + Czeavg + C39avg ) : ec4 tml- (27)
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A friction torque look-up table requires a large amount of calibration work and cannot describe
the aging issues as the engine operates. Thus, an engine friction model parameter self-learning
algorithm is proposed (shown as Figure 7). The parameters are estimated based on engine idle and
fuel cut-off operating conditions. Once the engine starts, it will retain idle speed operations. In this
working condition, the engine’s average speed will remain stable as the temperature of the cooling
water and oil start to rise. In this process, the temperature parameter C, can be identified. During
engine stop operations, the engine stops supplying fuel so the crankshaft rotation speed decreases
over a few seconds. During this process, the temperature of the cooling water and oil barely change,
so the engine speed parameters C;, C,, and C; can be identified.

Friction Torque Observer

Loil

Observation at idle speed
Tina (Tfric toir) = f (Tina)

Observation at engine stop

(TyrcsBavg) = 1 (Bavg) - [

Havg

toit Tfric gayg Tfric

Self-learning

Parameter identification Parameter identification
atidle speed at engine stop

Tfric = f (toi) Tfric =f (gavg)

Qil temperature Engine speed
parameter Cy parameter C; ,Cy, C3

Oavg | Friction Torque Model Thric
%'7, Tfric = f (eaugr toil)

Figure 7. Basic structure of online learning algorithms of friction torque.

In engine idle speed working conditions, the crankshaft average speed remains stable and
engine indicated torque is used to overcome friction loss. T,y during idle speed operations is
estimated in Section 3 using the engine management model and crankshaft instantaneous speed.
Thus, the friction torque can be expressed as:

Tfric = lina- (28)

In fuel cut-off operating conditions, the crankshaft dynamic system is only affected by friction.
Thus, the process can be described as:

[ + 48(0)16 = ~Tyyic. (29)

During the idle and fuel cut-off operating conditions, the friction torque of the two working
conditions can be estimated. However, this only covers a small part of the whole engine operation
range. Once the parameters in the model are identified, the friction torque model can be expanded to
cover a larger working range. While the friction torque model is a nonlinear model, it is very
challenging to directly identify the speed parameter and oil temperature parameter at the same time
in online applications. Therefore, it is necessary to combine the two working conditions—idle and
fuel cut-off operating conditions—to identify the model parameters.

In idle speed working conditions, the relation between friction torque and oil temperature can
be rendered as:

T, .. e Catoily
Jriet _ ———= eCa(toit; ~toily) (30)
Trrica e +Foil

or

Aln Tfric = C4 . Atoil' (31)
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In fuel cut-off operating conditions, the oil temperature barely changes. The friction torque
model can be described as:

0= Cl (Tfric1 - Tfricz) + CZ (Tfricléavg1 - Tfriczéavgz) + C3 (Tfricléavglz - Tfriczéavgzz)- (32)

By combining the particularity of the specific operating conditions of the engine, the nonlinear
coefficients in the model are temporarily eliminated, and the linearization of the model’s coefficients
is realized. During this process, the structure and parameters of the model do not change, and the
relationship between the friction torque described in the model and the speed and oil temperature is
not affected, so the accuracy of the model is not affected.

The parameters of the model are identified by the recursive least squares method. The
description of the friction torque model can be abstracted into the following formula:

y=¢'-8 (33)

where ¢ is the mode input, y is the model’s output, and 8 stands for the parameters of the model.
The parameters’ identification process using the recursive least squares method can be
expressed as:

(0(k) =00k — 1) + K()[y(k) — o7 (k)d(k — 1)]
P(k — Dep(k)

K(k) = 34
O = T T 0Pk - De® oY
\P(k) = [1 = K(k)o" (k)]P(k — 1)
In engine idle speed working conditions, the system can be described as:
y=Aln Trric
¢ =ATy (35)
0= C4_
and for fuel cut-off process as:
y=0
. . L2 .2
Y= [Tfric1 - Tfricz'Tfricleavg1 - T;‘”riczgavgz'Tfricleavg1 - Tfriczeavg2 ] (36)
6 = [Cy, G2, C5]

After the friction model’s parameters are identified, a friction torque model can be acquired. On
the basis of the identified friction torque, T, can then be calculated from the aforementioned Tj,44.

4. Experimental Validation

4.1. Methodology

The validation experiment for engine torque estimation was conducted on the test bench
mentioned in Section 2. Then the Tiqq, Ting, Trric, Te estimation validation results were discussed
one-by-one. Additionally, the real-time performance of the engine torque observer in a multi-core
ECU was also discussed.

To validate the torque estimation algorithm, the torques were measured or calculated from the
sensors equipped in test bench and the engine, as seen in Table 2.

First, Tjpqq was validated at steady state at the brake mean effective pressure (BMEP) of 6 bar
at 1400 rpm and a BMEP of 5 bar at 1600 rpm. Tj,,; was not straightforward to be measured
accurately using the test bench, especially during transients, due to the existence of the rotational
momentums of the engine and dynamometer. Additionally, the transient process was much slower
for the load torque variation relative to the combustion process. Therefore, the load torque was
validated only at steady state in this work. Then, to conduct the Tj,,; estimation validation, an
engine motoring experiment was carried out. Recall that Tj,q4 consists of two torques, Ty and T,
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where Ty, is obtained from the engine motoring experiments and T, is measured directly by the
dynamometer. Tj,qq4 is then obtained by summing up Ty and Te.

For the validation of the T, an engine motoring experiment was conducted from 800 to 1800
rpm under multiple oil temperature. In the motoring test, the Ty, could be approximately
measured by the dynamometer, and for the T, validation, T, was directly recorded by the
dynamometer.

The validation of the indicated torque was carried out at both steady-state and transient
conditions. This is because the dynamic of indicated torque during transients is complex, caused by
the breathing and combustion process. As all four cylinders are equipped with in-cylinder pressure
sensors, the T;,, for validation was calculated from the measured in-cylinder pressure P, and
engine geometry using Equation (9).

Finally, the real-time performance of the engine torque observer in a multi-core ECU, such as
computational time and CPU loads, is discussed.

Table 2. Validation data source for engine torque estimation.

Engine torques Validation variable source
Indicated torque Calculated based on Py, and engine geometry as shown in Equation
(Tina) ©
Friction torque (T¢yic) Obtained from the engine motoring experiment in the test bench
Brake torque (T) Measured by in the dynamometer
Load torque (Tj544) Calculated from Ty, and T, (the sum of Ty, and T,)

4.2. Load Torque Estimation Results

Figure 8a shows the load torque estimation results at the BMEP of 6 bar at 1400 rpm, the
observation algorithm starts to approach the measured load torque in the first five cycles rapidly,
and the load torque observer starts to converge within 40 cycles. After the observer converges, the
estimated load torque still fluctuate within a small range of 3 Nm. The fluctuation is caused by the
combustion cyclic variations. At a BMEP of 5 bar with the engine speed of 1600 rpm (Figure 8b), the
observation algorithm starts to converge within 15 cycles.

T T T T 100 T T T T
100 L
= r E 80 |-
g 80 £
E T 60+
e 60 H = Estimated| [y — Estimated|]
I - - - Measured| ] 40 - = = MeasuredH
40 ) ] ) ] 2 I 2 I P ) ] ) ] ) I ) I )
0 10 20 30 40 50 0 10 20 30 40 50
Cycle Cycle
(a) (b)

Figure 8. Estimation results of the engine load observer at 1400 rpm, 6 bar (a) and 1600 rpm, 5 bar (b).



Energies 2019, 12, 4683

14 of 23

0.10, 0.10, 0.10+
< E B k= _9
& | a o o q | o
_\6200'05 %D 0.05{ . /// %0 0.05 s
= By = up Q/,,,,,o/
»an B 9 < o <
=
o— 90—
000—H—F——"————— 0.00+—————r 0.00+—————————————
3.0 35 40 45 5.0 55 6.0 3.0 3.5 40 45 5.0 55 6.0 3.0 35 4.0 45 50 55 6.0
BMEP(bar) BMEP(bar) BMEP(bar)
(a) (b) (0)

Figure 9. Estimation results of the disturbance factor at multiple operating points at 1200 rpm (a),
1400 rpm (b), and 1600 rpm (c).

Figure 9 is the estimation results of the disturbance factor (A¢(8)) of multiple operating points.
It can be seen from the grey trend line that A{(6) increases with the increase of load at the same
speed. This is because the larger load caused the elastic deformation of the crankshaft, which resulted
in the change of A¢(8). Under the same load, with the increase of engine speed, A¢(8) also tends to
increase. So the correlation analysis between A¢(8) and engine operating variables was done. The
correlation coefficient between A¢(f) and the engine speed is 0.72. The correlation coefficient
between A£(8) and throttle opening (87yz) is 0.85.

A&(8) can compensate the error caused by the simplification of the crankshaft dynamic model.
As A&(0) has a significant correlation with the engine speed (éavg) and throttle opening (0ryz), a
disturbance factor model was built. In the range of engine speed from 1000 rpm to 1600 rpm and
BMEDP from 3 bar to 6 bar, the trained disturbance factor model expression is:

A& = —0.77 4+ (9.7 X 107")0 5 + 0.01 X Oy — (3.3 X 10—7)(9(1,4,2 — (74X 1077040y X Orur ~ (37)

4.3. Indicated Torque Estimation Result

4.3.1. Indicated Torque Estimation Under Transient State

Figure 10a shows the indicated torque estimation results from a throttle opening of 7.2-10.8% at
1000 rpm. It can be seen that at the moment when the throttle starts to change, the estimated indicated
torque fluctuates. This is because the ESO-based indicated torque observer not only used the engine
speed and manifold pressure as the state feedback, but also used the derivative term of the engine
speed and manifold pressure as feedback. After the throttle opening changes, there are several cycle
delays between the estimated indicated torque and the measured indicated torque. However, when
the indicated torque observation is stable, the estimation error between the estimated value and the
measured value is within 3%.

Figure 10b shows the indicated torque estimation results from a throttle opening of 9-11.7% at
1400 rpm. Moreover, the estimation error between the estimated value and the measured value is
also within 3%.
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T — - — Measured [ — - — Measured
Z -’/ \ Z [ e -
T 90 ] | E T 904 4 E i
B P : b L F.....-.-.-—-J "
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60 - - LN 60 1t L.
1 1 1 1
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Figure 10. Comparison of the measured and estimated indicated torque at transient states. 1000 rpm
with G4z of 7.2-10.8% (a); 1400 rpm with 874 of 9-11.7% (b).

4.3.2. Indicated Torque Estimation Under a Steady State

Figure 11a shows the indicated torque estimation result at 3 bar to 6 bar at 1000 rpm. In steady
state operations, the estimated indicated torque has a certain deviation from the measure value. At 3
bar, the estimated indicated torque is about 1.83 Nm larger than the measured value, and the mean
relative error is 3.7%. At 4 bar, 5 bar, and 6 bar, the mean relative error is 4.7%, 1.8%, and 3.6%,
respectively. In summary, the mean relative error of the indicated torque estimation at the 3-6 bar
operating point covered by 1000 rpm is within 5%. As the engine speed increases to 1400 rpm (Figure
11b), the mean relative error of the indicated torque estimation is within 5%, from 36 bar.

Measured- - - -Estimated Measured- - - - Estimated
120 : : 120 T T
Load:6bar Load: 6bar
E E
£ 7 - - £ 7 ' '
€ |Loaddbar . o . 2 |Load: 4bar
F-‘ R4 AR R AR LN R LA Ssape LRI N LA N I [_‘
60 ' : '
Load:3bar Load: 3bar
............................................................. T e mae.
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Figure 11. Comparison of the measured and estimated indicated torque at 1000 rpm (a) and 1400 rpm

(b).
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Figure 12. Comparison of the estimated indicated torque and measured indicated torque.

Figure 12 shows the indicated torque estimation result summary from 1000 to 1800 rpm; the
average estimation accuracy under different loads could reach 96.1%. The estimation of the indicated
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torque not only provides a basis for the optimal control of the engine ignition’s advance angle, but
also lays a foundation for the friction torque model identification and brake torque estimation.

4.4. Friction Torque Estimation Results

4.4.1. Friction Model Parameter Identification Result

A test bench experiment was carried out to estimate the oil temperature parameter C, at an
engine speed of 1000 rpm in an idle state. For the engine speed parameters C;, C,, C3, an engine fuel
cut-off experiment was carried out at an oil temperature of 55 °C. The trend of gradual convergence
is presented, and convergence was achieved by 40 fittings during the engine stop process, as shown
in Figure 13.
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Crank cycles

Figure 13. Friction model parameter identification from fuel cut-off operating conditions.
The final identified parameter values are shown in Table 3.

Table 3. Engine brake torque estimation task table.

Parameter Fit from observer Fit from motored test

C -23.86 -25.44

C,, 2.45 x 10 3.29 x 10
Cs, -5.20 x 10 -5.45 x 106
C, -4.67 x 10 -5.10 x 103

4.4.2. Friction Torque Estimation Validation

In order to verify the validity of the identification parameters and the accuracy of the friction
torque mean model based on the identification parameters, an engine motoring experiment was
carried out. The friction torque model obtained by the model parameter identification method can
better describe the average value of the friction torque at different speeds and different oil
temperatures.
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Figure 14. Comparison of the estimated friction torque and measured friction torque.

As shown in Figure 14, by comparing the friction torque model identified by learning with the
friction torque value obtained in the engine motorin