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To improve the speed control performance of a diesel engine, the active disturbance rejection controller (ADRC) is designed by
adding an arranging transition process to the traditional PID controller, extracting differential signals reasonably, and adopting
nonlinear combination process to error signals. The ADRC is composed of a tracking differentiator (TD), an extended state
observer (ESO), and a nonlinear state error feedback (NLSEF). Such constructed ADRC can adapt to the strong nonlinear and
complicate working conditions of diesel engine for power generation. A simulation model of the diesel engine is built to verify the
proposed ADRC, and simulation results are in good accordance with the experimental results. To further validate the advantages
of the designed ADRC, the traditional PID is improved by TD. Meanwhile, performance comparisons are carried out between
traditional PID controller, improved PID controller, and ADRC. Results present that the improved PID controller can achieve a
better control performance than that of the traditional PID controller both in steady state and transient state. However, the ADRC

can further improve the speed control performance evidently on the basis of the improved PID controller.

1. Introduction

Diesel engine is a complex power machine with high
nonlinearity and time-varying characteristics [1], and it
often operates under complex conditions such as variable
speed, variable load, and variable environment, leading to
continuous changes in the operating parameters and serious
instability of diesel engine [2]. To ensure the proper oper-
ation of diesel engine under complex conditions, the control
parameters must be adjusted quickly according to the engine
operating status [3]. Moreover, speed control technology is
the basic and utmost important technology of diesel engine
for power generation [3, 4]. In the basic control strategy of
electronic governor, the fuel supply is adjusted automatically
according to the external load conditions of diesel engine, so
the engine speed can be controlled within a certain range.
The PID controller, whose core idea is to minimize error by

error, is commonly used to control the speed of diesel engine
and many other industrial machines due to its simplicity and
reliability [5-8]. However, with the increasing requirements
of control performance, the disadvantages of traditional PID
controller disclose gradually [8]. The disadvantages of tra-
ditional PID controller are shown as follows: (1) its control
performance is not that satisfying when nonlinear, time-
varying and disturbance factors are included in the con-
trolled object [8, 9]. Also, diesel engine is a complex machine
with fast time-varying, strong disturbance, and strong
nonlinearity. It is a challenge to achieve good speed control
performance under all operation conditions for diesel engine
with traditional PID controller [10]; (2) it is hard to take
control performance of both steady state and transient state
into consideration [11]. And it is also difficult to deal with
nonlinear problems for traditional PID controller because it
is constructed of linear deviation combination; (3) the
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control parameters are unable to be changed timely
according to the change of engine operating status. A large
amount of calibration experiments are needed to calibrate
the PID control parameters. So the control performance will
be greatly affected by the PID control parameters. Thus,
small disturbance in engine can lead to great impact on its
control performance.

Because of the abovementioned deficiencies, traditional
PID controller cannot meet the daily increasing require-
ments on control performance for engine. New controller or
improvement on traditional PID controller is urgently
needed. Considering the fact that PID control technology
has the advantage of not relying on accurate mathematical
model of the controlled object, there is still a large market for
optimization and improvement of traditional PID control
technology in engineering [11, 12].

With the development of modern control theory, pre-
vious researchers tried to combine PID with advanced
control algorithms to overcome the abovementioned defi-
ciencies of traditional PID controller and achieve better
control performance for diesel engine. These applications
included fuzzy-PID controller, genetic-PID controller, NN-
PID controller, and so on [13, 14]. As shown in Figure 1,
fuzzy-PID controller designed by Xiong et al. [15], whose
PID parameters were adjusted by fuzzy logic to improve
control performance, was applied on engine speed control.
However, the settings of the fuzzy rules may run into rule
explosion with increasing control dimension and depend too
much on actual experience of the designer.

Optimizing all feasible solutions is the core idea of ge-
netic-PID algorithm. The optimization process of genetic
algorithm, which refers to the principle that species in bi-
ology mutate during their evolutionary process, can improve
its adaptive ability to the external environment. As shown in
Figure 2, the three parameters of PID controller are opti-
mized by system identification and genetic algorithm cal-
culation [16, 17], and the optimization process of genetic
algorithm is conducted offline according to the system
condition. Genetic algorithm is capable of searching for the
global optimal parameters, but it is difficult to search for
local optimal parameters. Therefore, the genetic algorithm
has low efficiency and low convergence speed [18].

NN-PID is a combination of PID and neural network
(NN) [19, 20]. As shown in Figure 3, by taking the self-study
ability, calculation feed forward, and deviation back-
propagation of NN, the system error can be minimized
through continuous iterations, and the proper PID control
parameters are obtained. Therefore, ideal control perfor-
mance is achieved by the interaction and intercorrection of
NN and PID [21, 22]. However, NN has the disadvantages of
large calculation and low convergence speed, and it is hard to
meet the real-time requirements of online learning.
Therefore, its practical application still has technical diffi-
culties to overcome.

The goal of diesel engine speed control is to achieve a
small speed fluctuation under steady-state conditions and a
quick speed recovery under transient-state conditions.
When the engine is affected by load disturbance or sudden
change, the actual overshoot of the transient speed should be
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as small as possible, and the transient speed should also
quickly track the target speed. Although the combination of
advanced control algorithms and traditional PID can im-
prove the control performance of the system to a certain
extent, it do has the disadvantages such as depending too
much on actual experience, low efficiency, low convergence
speed, and large calculation. Therefore, it is difficult to
achieve the optimal control goal of the system, and the idea
of only using advanced algorithms to completely and timely
adjust the control parameters of traditional PID without
improving the controller structure is unable to solve the
abovementioned problems.

The speed control of diesel engine needs to consider the
nonlinearity, time-varying, model parameter uncertainty,
and external disturbance uncertainty of the system.
Therefore, besides the direct combination of advanced
control algorithms and traditional PID such as fuzzy-PID,
genetic-PID, and NN-PID, some researchers also improved
the controller structure by using advanced control strategies
such as sliding mode control and model predictive control.
Sliding mode control, also known as variable structure
control, is developed on the basis of phase plane theory. It is
a nonlinear control method with the characteristics of fast
response speed and strong robustness to external noise
interference, overcoming the disadvantage of system un-
certainty. Therefore, it has been applied to the diesel engine
speed control by some researchers [3, 11, 12]. However, this
method depends on accurate mathematical model of the
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controlled object, so its application space is limited com-
pared with PID control technology. It should be noted that
the diesel engine is a complex nonlinear system, and it is
difficult to establish an accurate mathematical engine model,
which seriously limits the application of sliding mode
control in engine speed control field [23]. The research
studies of model predictive control in diesel engine speed
control also have some achievements [1]. However, the
structure and hardware of model predictive controller are
complex, so it is expensive and difficult to be applied in
engineering. Furthermore, the external disturbance of the
diesel engine cannot be modeled at all. This is another
important reason that hinders the engineering application of
model predictive control in diesel engine speed control field.

According to the analysis of the above mentioned
control methods and the needs of practical engineering
application, it is necessary to find a control method that is
high real-time and independent of accurate mathematical
model of the controlled object. ADRC technology put for-
ward by Han in 1995 [24] is a new control method that
combines the advantages of PID control principle and
modern control theory [25]. The basic idea of ADRC is
“restrain disturbance by disturbance” (i.e., absolute invari-
ance principle and intima principle), rather than direct
measurement or preobtained disturbance model. Because of
its strong robustness, high reliability, and excellent transient
response characteristics, ADRC is applied to deal with linear,
nonlinear, time-varying, and time-unvarying problems.
Previous research studies on ADRC mainly focused on two
aspects. On the one hand, the structure of ADRC was studied
for different specific problems. The core components of
ADRC are TD, ESO, and NLSEF, in which each component
can be collocated arbitrarily, and each component can adjust
its structure appropriately. The features of arbitrary com-
bination can produce hundreds of ADRCs with different
structures. Furthermore, for a specific problem, a more
complex structure does not mean a better control perfor-
mance. So one of the research hotspots is searching for a
proper ADRC structure for different controlled objects, such
as decoupling control [26], speed sensor less control, and
multimotor synchronous control [27]. On the other hand,
ADRC was combined with advanced control algorithms,
including sliding mode variable structure control algorithm
[28], fuzzy control algorithm [29], neural network, and
swarm intelligence algorithm [30], to achieve better control
performance. In recent years, ADRC has been widely used in
new energy power generation, jet engine control, robot
control, and so on. However, it has not been applied in the
field of diesel engine speed control [31, 32].

Based on the advantages of ADRC and the disad-
vantages of other control algorithms mentioned above,
the structure of ADRC is studied for the specific problem
of the diesel engine speed control. And the ADRC for the
engine speed control system is proposed and designed in
this paper. Meanwhile, its feasibility is verified by sim-
ulations and experiments. This paper is organized as
follows: In Section 2, the ADRC is proposed for speed
control, and the improved PID controller is also designed
with the purpose of comparison. In Section 3, the control-

used simulation model of the diesel engine is given,
following with the introduction of engine experimental
bench in Section 4. Finally, the comparative simulations
and experiments for the different controllers are exhibited
in Section 5, proving the reliability and accuracy of the
proposed ADRC in the field of diesel engine speed
control.

2. ADRC Design

2.1. Principle of ADRC. The theory of ADRC is derived from
conventional PID control technology, but the structure of
conventional PID is improved by combining the modern
control theory. The improvement scheme is as follows:

2.1.1. Transition Process Adjustment. PID controller obtains
control parameters through the deviation between the target
value and the output of the controlled object, which is not
reasonable for nonlinear system. During the control process,
the setting of the target value may change suddenly while the
output is inertial. It is very difficult to let a gradual change
parameter track a sudden change target value, so the rea-
sonable transition process is adjusted according to the target
value and the characteristics of the controlled object. Dif-
ferential signal during the transition process is also provided.
The principle of “adding transition process” is illustrated in
Figure 4.

In Figure 4, v(t) is the control target, v,(t) is the
transition process according to v(t), and v, (t) is the dif-
ferential signal of v, (t). Y is a transient process or a
function, which can be designed according to v(¢) and the
characteristics of the controlled object.

2.1.2. Differential Signal Extraction. In the field of control
engineering, the differentiator is difficult to be realized in
practice and can only be approximated. The transfer func-
tion of approximate differentiator commonly used in en-
gineering is y = (s/(7s + 1))v. This transfer function can be
extended to y = (1/7) (1 — (1/(7s + 1)))v and is a realization
of the approximate differential formula y = ((v(¢)
—v(t — 7))/7). But when the input signal v(¢t) is affected by
noise # (t), the approximate derivative ((v(t) —v(t — 1))/7)
of the output will be covered by the enlarged noise (n(t)/7),
leading to unsatisfying control results. Moreover, with the
change of external load, the actual engine speed control
system will inevitably be affected by noise, so it is necessary
to improve the extraction process of differential signal. By
applying the approximate formula y = ((v(t —1,) —v(t -
7,))/ (1, — 7;)) to extract the differential signal, the ap-
proximate differential value can be obtained through the
transfer function (shown in equation (1)), namely, the
second-order dynamic segment.

1 1 1
y(t):TZ—TI<TIS+1_125+1)V(t)' W

Obtaining differential values needs to quickly track the
system input, so the following nonlinear TD is generated.
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FIGURE 4: Principle of the “adding transition process.”

The fastest closed-loop feedback control system of the
second-order integrator is shown in equation (2). The signal
v(t) is input according to equation (3).

x) (1) = x, (1),
(2)

X3 (t)lxz (t)l)

X%, (1) = —rsign(x1 () + >

X = x, (1),

(3)
X, = —rsign(x1 ) - v(t) + M),

where x;(¢) is used to track the change of the input signal v ()
at the effect of 7. x, () as the differential of x; () can be used as
the differential of v(t). Because of the Bang-Bang character-
istics of the function —rsign(x, (£) — v (t) + (x, (¢) |x, (£)|/2r))
, tremor is inevitable in steady state. To avoid tremor, the
following system shown in equation (4) is introduced to deal
with function fhan (x;, x,, r, i) shown in equation (5).

x, (k+1) = x, (k) + hx, (K),
(4)

Xy (k+1) = x, (k) —ru(k), |u(k)<r|,

(d =k,
a, = hx,,

Yy =X, + a4y

a, =+/d(d+8|yl),

4 = ag+ sign(y)2(a1 - d)’

(5)

_ (sign(y +d) —sign(y —d))
sy = 5 ,

a=(ag+y-ay)s, +a,

s - (sign(a + d) — sign(a - d))
a — 2 >

fhan = _r<g _ sign(a))su — rsign (a).

Then the differentiator can be defined as follows
according to
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fh = than(x, (k) — v(k), x, (k), 7, h),
x, (k + 1) = x, (K) + hx, (K), 6)
xy(k+1) = x, (k) + hfh.

To preliminarily verify the performance of the differ-
entiator, the system parameters v = 1 and r=1 are selected.
It can be seen from the simulation results in Figure 5 that x;
can track the system input v (t) without overshoot, and x, is
the obtained differential signal.

The TD of v can be described as the sketch map in
Figure 6. And the TD is used to track the time-varying signal
v = sin (t) (r = 50). It can be seen from the simulation results
shown in Figure 7 that the tracking and differential effects
are very proper.

2.1.3. Nonlinear Combination. Based on the results of the
transition process adjustment by TD, the error of the
transition process is obtained as e; = v; — x;, and the dif-
ferential signal is obtained as e, = v, — x, Thus, the error

integral signal can be calculated by e, = J; e, (7)dr, and the
PID control can be achieved by

u =kyey + ke, + kye,. (7)

However, this simple linear combination is unable to
achieve the best control performance for complex nonlinear
control systems. Thus, an improved PID by introducing
nonlinear parts during the control process is necessary. The
nonlinear combination method is shown in

u = kyfal (ey, ay, 8) + k,fal (e, a,, 6)

(8)
+ k,fal(e,, ay, ),
u = kyey + than (e;, ¢ * e,, 1, hy), 9)
D2 |'x| < 8;
(1-a)
fal(x,a,8) = { 0" (10)
sign (x)|x|*,  |x|>d.

The than (x;, x,, 1, hp) has already described in equation
(5). Unlike the previous equations, the parameter c*
(damping factor) is added to the deviation feedback and the
original precision factor h is replaced by hy (filter factor for
TD filtering).

The parameter a; in equation (8) should be limited in the
proper range shown in equation (11).

a,<0<a; <1<a,. (11)

Based on the abovementioned improvements, the im-
proved PID structure is shown in Figure 8. In specific ap-
plication, if the target value does not change so violently, the
TD can be used to replace the transition process to simplify
the controller structure.
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L5 ¢ of deviation calculation components. So a large amount of
improved PID controllers with different structures can be
v constructed. As long as there are reasonable transition
process adjustment and differential signals, the effect of
X1 conventional PID controller can also be greatly improved
= even though linear combination shown in equation (7) is
> X2 adopted. It should also be pointed out that the nonlinear
combinations in equations (8)-(10) include many intel-
0 ligent functions. Many learning experiences from engi-
neering application can be easily achieved by nonlinear
combination such as “determining the gain value
0355 5 " p s ) according to the deviation.” Based on the above two facts,
Time (s) further study on special nonlinear control rules is full of

practical significance.

Fi1GURE 5: Characteristics of the differentiator.

2.1.4. Extended State Observer (ESO) and Disturbance

x, () Compensation. According to the study on estimation of
v(t) ) ™ —P performance assignment factor a (¢) =f (x; (¢), x, (8), 1), a
— 0 second-order control object can be defined as follows:
x, (£) = x, (1),
FIGURE 6: Sketch map of the TD of v. .
X, (1) = f(x,(2), %, (1), w(2), 1) + bu, (12)
y=x,(t),

where w (t) is the external disturbance. The parameter, which
can present the control process in equation (12), is shown as

follows:
R a(t) = f(x,(£),x, (1), w(t),¢). (13)
f Then take equation (13) as an unknown extended state
parameter:
x5 (1) = a(t). (14)

So the system described in equation (12) is converted
into a linear system:

Time (s) Xl (t) = X, (1),
FiGure 7: Tracking and differential effects of the TD. X, (1) = x5 (t) + bu, (15)
x5 (1) = wy (1),
y=x.(b),
eO
) Us . where wy (t) is not exactly available. However, the nonlinear
) Arrange L »® > NLSEF |Ya Co‘;li‘t’l 24 system is transformed into a linear system shown in
—»| [ransition = -4 , equation (15). The state observer is established as follows:
process - > ® >
- i e=2z,—
= . 17
Z; =2z, = Pye
FIGURE 8: Principle of the improved PID controller. . (16)
Z, = 23 — PByre + bu,
: .. Z‘3 = _ﬂ03€.
One point should be noted that this improved PID
controller can adopt different types of modules according to To further weaken the influence of wy (f) on system, the
different systems, such as different “transition process”  observer function in equation (15) is improved by a non-

modules, different types of TDs, and different combinations  linear process:
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Gy =2s— ﬁozfal<e, > h> + bu,

2y = —[303fal<e, ih)

After the improvement in equation (17), a better tracking
performance of the state parameter z; (f) on x; (¢) is achieved,
and the application range is further extended. Observer in
equations (16) and (17) mentioned above can be called ESO
of the system in equation (12).

It should be noted that the essence of ESO x5 (£) = a ()
=f(x; (1), x5 (1), w (¢), t) is the performance assignment
factor a (t) =f (x; (1), x5 (1), w (#), t) referred above, which
can be taken as the sum of all kinds of disturbances,
namely, the total disturbance. By estimating the total
disturbance of the system, the global control problem can
be simplified as an error feedback issue referring to the
proposed method in this paper. If a (t) = const, the integral
feedback —k, - e, can be replaced by the estimation and

arrange — transition — process

[e=2,-),
fe, =fal(e, 0.5, h),

fe, = fal(e,0.25, h),
ESO -

z1 = (2, = Bore),

NLSEF

disturbance — compensation — u =

Complexity

compensation processes, so the side effect of error integral
feedback can be weakened.

2.2. Basic Structure of ADRC. The TD, ESO, and NLSEF are
used to construct the ADRC which is suitable for complex
controlled objects. Diagram is shown in Figure 9. The key
ability of ESO is to observe the disturbance and then gen-
erate a correction based on the observed result. So ADRC
can be generally concluded as a controller which can gen-
erate a correction automatically according to the observed
disturbance. The TD, ESO, and NLSEF can be collocated and
configured according to the characteristics of the controlled
object. Therefore, hundreds of ADRCs can be designed for
different systems with the same structure framework shown
in Figure 9.

Taking a controlled object with second-order uncer-
tainty as an example:

X, = Xy,
%y = f(xp, %5 w(t), 1) + bu, (18)
Y =X

where f (x1, X5, @ (), t) is unknown. The control algorithm of
the ADRC is shown as follows:

V=V,

v, = fthan (v, — v,v,,7, h),

(19)

Z, = (25— Bofey +byu),

u, = fthan(e,, ce,, 1, hy),

(uo —23)
b,
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FIGURE 9: Principle diagram of the ADRC controller.

where 7o, Bo1> Poz Pos» 1> ¢ hy, and by are the controller
parameters. 7 is decided by the requirement of the response
speed and time. fo;, Bo2, and Bys are only decided by signal
sampling period without considering the controlled object.
So only the damping factor ¢, gain r, precision factor h;, and
compensation factor b, are needed to be adjusted in the
controller. As to general systems, a relative high r is enough,
and further increase in r has little effect on the control
performance. Thus the remaining parameters h;, b, and ¢
similar to K, Kj, and K in PID controller are needed to be

& =2y (k) - y(k),

zi(k+1) =z, (k) + h(z, (k) = By1&1)s
zy(k+1) = zy (k) + h(z5 (k) — By, fal (&1, agy, 8) + bu(k)),

adjusted, where I/hy, by, and ¢, respectively, resembles K, K;,
and K.

2.3. ADRC Design for the Diesel Engine. The ADRC is
composed of TD, ESO, and NLSEF. Such constructed ADRC
can adapt to the strong nonlinearity and complex working
environment of diesel engine. According to the character-
istics of diesel engine, the modules of ADRC are designed as
follows:

(1) TD design:
vy (k+1) = v, (k) + hv, (k),
{ vi(k+1) = v, (k) +hfst (v, (k) — v, v, (k), 7, hy),
(20)
where v, is the setting value.

(2) Estimation of the state and total disturbance
(equation for ESO):

(21)

z3(k+1) = z5 (k) — hfys fal (&), agy, 6),

(3) formation of the control parameters:

i € =" (k) - zZ (k),

e, = v, (k) - z, (k),

3 (22)
uy = Py fal(er, a;,8) + By, fal (e), &y, 6),

z; (k)
b

u(k) =u, -

le|sgn (), le] > &,
eld' ",

The designed ADRC only requires the input u (k) and
output y (k) of the system. The ADRC regards the external
unknown factors (load, environment, etc.) and internal
disturbances (engine cylinder heterogeneity, friction, etc.)
of the controlled object (diesel engine) as the “total dis-
turbance” of the system and then it estimates and corrects
them by using the special ability of dealing with nonlinear
problem. This control method has many advantages: (1)
Adjusting the transition process by TD can effectively
solve the contradiction between rapidity and overshoot.
And the static error can be eliminated without using the
integral process, which avoids side effects of the integral
process. (2) The control problems of deterministic system
and uncertain system are solved together. Also, the
problem of “robustness” can be avoided effectively. (3) It
does not depend on the accurate mathematical model and

where fal (g, &, ) = {

the front data of the controlled object. (4) The ADRC has
good control effect for time-delay system. According to
the basic modules mentioned above, the ADRC is
designed for the speed control system of the diesel engine.
Figure 10 exhibits the structure diagram of the designed
ADRC.

2.4. Engine Model Establishment. The established control-
used engine model is mainly composed of four parts: cyl-
inder charge efficiency submodel, engine intake submodel,
thermal efficiency submodel, and engine power output
submodel. The cylinder charge efficiency can be regarded as
a function of engine speed according to the engine exper-
imental data. Coefficient of the residual gas is ignored in the
engine intake flow simulation model. The air flow rate of the
diesel engine is calculated according to

_M,p3Vn
qma - 120
23
B n,P3Vn (23)

©120R, T

where 7, means the cylinder charge efficiency, P; means the
intake pressure, V means the total cylinder volume, # means
the engine speed, T5 means the engine intake temperature,
and R, means the ideal gas constant.

The indicated thermal efficiency is a function of engine
speed and air-fuel ratio, and the effect of air-fuel ratio on
thermal efficiency is far more evident than engine speed. So
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M_Load T3
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Supercharger qma

FiGure 11: Diesel engine model.

the effect of air-fuel ratio on the indicated thermal efficiency
is considered and obtained by experimental calibration.

The engine torque is assumed as a constant torque acted
on the crankshaft in a working cycle, which is equivalent to
the indicate torque. Therefore, the engine torque can be
calculated by

nxrm
i%x 30 Vi
(24)
=quXHuX’7i’
30
M, = H, x ng—, 25
i quX uxﬂann_ ( )

where g,,,c is the mass flow rate of fuel and H,, is the low
calorific value of fuel.

Diesel engine friction model can be divided into
theory model and experimental model. The theory model
of friction torque, which is related to lubrication system,
diesel engine operating condition, and environment
condition, is complex and difficult to establish. Therefore,

in this paper, the experimental model is used to describe
the relationship between mean friction torque and engine
speed.

1000

M =—><(75+
f Y4

48n
1000

+ 0.4Cﬁ1) xV, (26)
where Py represents the mean friction pressure, C,, repre-
sents the mean piston velocity, and V represents the total
cylinder volume.

The engine dynamic model is designed based on
D’Alembert’s principle.

dw

T (27)

M,~M;-M, =]
where ] is the sum of all moment of inertia for the engine and
M is the load torque.

The engine simulation model is shown in Figure 11.
Based on the established engine model and the ADRC
theory, the engine speed control model for ADRC is con-
structed as shown in Figure 12.
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FiGure 13: Diagram of the diesel engine speed control system.

3. Engine Experimental Bench

The engine experimental bench includes the diesel engine,
FZ(C3000-225KVA load control system, PC with DS1103 single
board computer, electronic governor, and hardware drive circuit
board. The schematic diagram of the speed control system is
shown in Figure 13, and the main parameters of the diesel
engine are shown in Table 1. The load control system is used to
control the load change of the engine to verify the control
performance of the designed controllers under actual steady and
transient conditions. The DS1103 single board computer, as the
controller of the engine experimental bench, can compile and
execute the designed control algorithm and strategy model.
The hardware drive circuit board is used to perform the
control signal output by the control algorithm to complete the
speed control experiments. During the experiments, a Con-
trolDesk is used to establish a monitoring interface to monitor
and calibrate the relevant control parameters. The basic
control strategy of speed control system is to automatically
adjust the fuel supply according to the external load of the
diesel engine, so as to control the speed in a certain range. An
electronic governor with electromagnetic actuator is adopted
to control fuel quantity of the diesel engine. The electro-
magnetic actuator is driven by PWM signal, and its actual
displacement is obtained by using a displacement sensor.

To validate the control performance of the designed
ADRCGC, a series of speed control experiments are carried out.
Transient speed fluctuation rate and speed recovery time are
commonly used to evaluate the dynamic speed control
performance, and steady-state speed fluctuation rate is used
to evaluate the steady speed control performance. Table 2
lists the performance indexes of the secondary power station
that the experimental results will refer to.

4. Results and Discussion

4.1. Simulation Model Validation. To evaluate the reliability
of the model, simulations are carried out for the speed
change process during engine start-up with the main engine
parameters in Table 1 and the main parameters of the
simulation model in Table 3. It can be seen from Figure 14
that the simulation results are highly consistent with the
experimental results, and the average error 1.31% and
maximal error 6.90% are both within limit, verifying the
established simulation model.

To further verify the characteristics of the simulation
model, validations with load sudden changes are carried
out. Figure 15 shows the comparisons of the simulation
and experimental results. Similar speed fluctuation pat-
terns are found in both simulation and experimental
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TaBLE 1: Main parameters of the diesel engine.

Engine parameter Value

Type 6-cylinder, 4-stroke, in-line and turbocharged
Piston stroke (mm) 135

Cylinder diameter (mm) 114

Rated speed (r/min) 1500

Rated power (kW) 116

Fire order 1-5-3-6-2-4

Combustion chamber shape ®

Rated torque (N-m) 738

TaBLE 2: Performance indexes of the secondary power station.

Performance index Value
Steady-state speed fluctuation rate (%) 0.4
Transient speed fluctuation rate (%) 7
Speed recovery time (s) 3

TABLE 3: Main parameters of the simulation model.

Parameter Value
Total displacement (L) 8.27
Engine compression ratio 11
Moment of inertia (kg-mz) 25
Fuel calorific value (kJ/kg) 41.52
Supercharger compression ratio 1.6
Intake pipe volume (L) 0.4355
Exhaust pipe volume (L) 0.5311
Initial temperature of intake pipe (K) 303
Initial temperature of exhaust pipe (K) 303
Inlet temperature of cooling water (K) 303
Ambient temperature (K) 297
Ambient pressure (MPa) 0.1
Average temperature of cylinder liner (K) 534
Average temperature of cylinder head (K) 559
Average temperature of piston (K) 596
Diameter of intake valve seat (mm) 56.15
Diameter of exhaust valve seat (mm) 48.11
Time step (ms) 0.2

800
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E 500
g 400
&
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200
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6 8 10 12 14
Time (s)
—— EXP-Data
--- SIM-Data

FIGURE 14: Simulation model verification during the engine start-
up process.

results. However, the control-used model is a simplified
mathematical description of the diesel engine, which leads to a
higher model linearity than real diesel engine. This can explain
the smaller transient speed fluctuation rate in simulation re-
sults. Overall, the mean value engine model is capable of
validation for control performance after further optimization.

4.2. Simulation Result Analysis. Transient speed fluctuation
rate is an important performance index of engine speed
control. Load sudden change simulations are carried out to
compare the control performance of the different control
algorithms. A 100% load is loaded at the 40™ second and
unloaded at the 60™ second in this paper. The traditional
PID, improved PID, and ADRC are simulated to operate the
model at the conditions of start-up, speed-up, load sudden
change, and target speed sudden change with 100 r/min. The
diesel engine model is sped up to 1500 r/min after a short
period of idle speed operation and then followed with load
sudden change experiments. Extracted differential signal is
shown in Figure 16(a), and engine status parameter Z; is
observed by the ESO in Figure 16(b). The target speed
sudden increasing results are shown in Figure 17. The
comparisons between the start-up and load sudden change
simulation results of the proposed three kinds of control
algorithms are shown in Figure 18. It is evident that the
control performance of the TD-improved nonlinear PID is
better than that of the traditional PID. The effect of dif-
ferentiator is enhanced, reducing the maximum transient
overshoot. Furthermore, the NLSEF achieved by fal (¢, a, §)
is capable of optimizing the control performance and
adjusting the control effect according to the error value. The
optimal control performance is achieved by the designed
ADRC which is composed of TD, ESO, and NLSEF.

4.3. Experimental Result Analysis. Load sudden change ex-
periments are carried out with the traditional PID, improved
PID, and ADRC. Figures 19-21 show the load sudden change
experimental results of the three control algorithms.
Figure 22(a) and Figure 22(b), respectively, show the com-
parison results of the three control algorithms during sudden
load process and sudden unload process. Table 4 exhibits the
value comparisons. In this paper, differential signal extraction
method is improved by TD in the ADRC. Because of the more
reasonable differential signal extraction, the control perfor-
mance for transient speed fluctuation rate and speed recovery
time of the engine is significantly improved.
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FIGURE 16: Speed differential signal and engine status parameter Z;. (a) Speed differential signal. (b) Engine status parameter Z;.
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TaBLE 4: Experimental data.
Transient Transient Transient speed  Transient speed Recovery Recovery Steady-state
Controller ~ minimum speed maximum speed fluctuation rate  fluctuation rate time for time for speed
type for 100% sudden for 100% sudden for 100% sudden for 100% sudden sudden load sudden fluctuation rate
load (r/min) unload (r/min) load (%) unload (%) (s) unload (s) (%)
gﬁ’)dmonal 1397 1599 6.87 6.60 2.96 2.71 0.249
g{‘gro"ed 1420 1583 5.33 5.53 2.55 1.57 0.235
ADRC 1432 1569 4.53 4.60 2.53 1.54 0.213

The ADRC control performance is presented by the blue
line in Figure 22. The nonlinear combination rule adjusts the
control parameters automatically according to the speed
error and function fal in equation (17). Zs, the output of
ESO, is used to correct the control parameters. Z; is actually
an observed value related to the engine speed, and it is a
reflection of engine load. This is equivalent to a load feed
forward added to the controller. According to the results in
Table 4, compared with the traditional PID controller, the
transient speed fluctuation rate of ADRC is, respectively,
reduced by 34.06% and 30.30% and the recovery time of
ADRC is, respectively, reduced by 14.53% and 43.17% under
sudden load and sudden unload conditions. And the steady-
state speed fluctuation rate is reduced by 14.46%.

5. Conclusions

In this paper, comprehensively considering the complex
operating and environmental conditions, a new type of
speed controller is designed with the active disturbance
rejection control algorithm for the diesel engine. In addition,
the structure of ADRC is designed by combining TD, ESO,
and NLSEF to weaken the influence of simulation model and
external disturbances. To verify the control performance of
the designed ADRC, this paper establishes a control-used
simulation model and builds an experimental bench. The
results are as follows:

During the start-up process, the speed variations of the
simulation model are compared with the experimental
results. The simulation results are consistent with the ex-
perimental results, and the speed error is within the al-
lowable range, which verifies the reliability of the
simulation model. Compared with the simulation results of
traditional PID and improved PID, the designed ADRC has
the characteristics of faster response and smaller overshoot
for the tracking of the target speed, which verifies the
antidisturbance advantage of the proposed ADRC
algorithm.

The load sudden change experiments are carried out on
the engine experimental bench to verify the actual control
performance of the designed ADRC. Compared with the
traditional PID and improved PID, the performance indexes
of the ADRC are significantly improved, which is consistent
with the simulation results. The designed ADRC can take
both steady and transient conditions of the engine into
account and quickly and effectively weaken the influence of
simulation model and external disturbances. This proves

that the designed ADRC is capable of improving the speed
control performance of diesel engine.

Compared with the previous control strategy, ADRC has
greater engineering application value in real-time control of
diesel engine because it does not depend on accurate
mathematical model of the controlled object. However, since
the active disturbance rejection control algorithm can use
different collocations and configurations for TD, ESO, and
NLSEF to design the controller structure for the control
system, the designed ADRC may not have the optimal
structure. In the future research, we will conduct more in-
depth research on structure optimization of ADRC for
engine speed control systems.
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