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ABSTRACT In order to improve the mode switching stability of a power-split hybrid electric vehicle (HEV),
a torque coordinated control strategy based on disturbance observation and compensation is proposed.
Aiming at the problem of engine torque disturbances caused by engine modeling error, torque control
error, working environment interference and other factors, and vehicle load torque interference caused by
changes in vehicle driving conditions, an improved linear extended state observer (ILESO) is designed at
first. According to the deviation control principle, the state variable regulation mechanism using the same
error term in the traditional linear extended state observer (TLESO) is revised, and improved by adding
the corresponding deviation between the state variable and its observed value separately. Then the Lyapunov
stability of the error system for the ILESO is proved gradually. On this basis, a torque redistribution algorithm
of two motors based on disturbances compensation is put forward. After that, simulation verification and road
adaptability analysis are carried out subsequently. The results show that the coordinated control strategy
based on ILESO, compared with the TLESO, has higher observation accuracy, and makes the HEV have
better vehicle speed tracking stability and mode switching smoothness when the vehicle is subject to the
same external disturbance, as well as excellent adaptability under a wide range of road conditions.

INDEX TERMS Hybrid electric vehicle, mode switching, extended state observer, Lyapunov stability,
disturbance compensation, adaptability.

I. INTRODUCTION As an essential power source of HEV, the engine itself

Compared with traditional vehicles, HEV has two power
source systems, and could choose appropriate driving/
braking modes according to different driving conditions to
achieve excellent performance and power efficiency [1]-[3].
However, if the system is not controlled correctly in the mode
switching process, it is easy to cause a jerk, even a significant
decrease in vehicle speed, an increase in fuel consumption,
and power interruption in severe cases [4]. Therefore, how
to coordinate the work of multiple power sources in the mode
transition process becomes the core dynamic control problem
of HEV.
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has strong non-linearity and unpredictability, and the torque
hysteresis is easily caused once the control is inaccurate,
which makes the actual engine dynamic characteristics rela-
tively complicated [5]. Instead, the AC motor usually adopts
the vector control to ensure that the stator coil current is basi-
cally synchronized with the change of the output torque [6].
Based on the dynamic response gap between engine and
motor, some scholars have proposed to compensate the
engine response lag by adopting the method of motor torque
compensation to reduce the torque fluctuation at the output
shaft [7].

Huang et al. [8] performed a mode switching simula-
tion test on the motor compensation control strategy of a
power- split HEV, and the results showed that the drive shaft
torque ripple was reduced by 53%, and no power interruption
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occurred. Zhu et al. [9] raised a phased compensation control
law based on speed tracking according to the different control
stages. Ma et al. [10] showed that the motor control strategy
based on the inertia compensation could effectively suppress
the output shaft torque fluctuation of 66%. Lin ez al. [11] also
studied the effectiveness of the motor torque compensation
control strategy in reducing the longitudinal jerk.

Most of the above studies only consider the hysteresis of
the actual engine torque output, but ignore the fluctuation
and oscillation of its resistance torque and torque output after
ignition [12]. If there is no separation mechanism such as a
clutch, the engine is directly connected to the wheels through
the mechanical transmission parts. Therefore, the torque fluc-
tuation interference will be transmitted to the wheels through
the transmission system, affecting the driving experience
of the vehicle. Chen et al. [13] used the motor torque to
offset the torque interference problem caused by the engine
start-stop switch. Wang er al. [14] established the transient
torque fluctuation model of the engine cranking process,
and applied the active damping control to reduce the jerk
problem caused by engine interference. Su er al. [15], [16]
built a transient model of the entire engine working state, and
verified the effectiveness of active feedback compensation
based on drive shaft torque estimation for improving the
ride comfort during mode switching process. However, even
though the above studies have established a more accurate
engine torque fluctuation model, the model is based on the
combination of cylinder pressure measurement in the engine
bench test and the theoretical modeling, which inevitably
ignores the interference factors such as modeling errors and
actuator noise.

In addition, HEV could be easily influenced by exter-
nal disturbances such as road grade changes, road adhesion
coefficient changes, and sensor measurement noise under
a wide range of road conditions. In severe cases, it may
even deteriorate the dynamic performance of the HEV mode
switching process. Sun et al. [17] proposed a model refer-
ence predictive control strategy, and then verified its adapt-
ability to two roads (ordinary concrete roads and snowy
roads) and different driving styles. Chiang et al. [18] con-
ducted multiple stability verification tests of fuzzy slid-
ing mode controller with different qualities and different
friction coefficients. Xu et al. [19] demonstrated that the
proposed coordinated controller has good robustness with
the sinusoidal oil pressure error detection signal and the
vehicle full load running at 5° gradient. It is worth not-
ing that most of the above studies have taken the HEV
mode switching response under non-interference conditions
as the entry point to design a coordinated controller, which
leads to relatively one-sided and low practical value research
conclusions.

In summary, few studies have considered both of the
above-mentioned interference at the same time, but both
the engine torque fluctuation interference and the driv-
ing condition interference do have a serious impact on
the mode switching quality of HEV. Therefore, it is of
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great practical significance to explore the dynamic coordi-
nation controllers that have excellent anti-interference ability
against the above-mentioned two kinds of interference.

At present, the commonly used anti-interference methods
include active disturbance rejection control [20], adaptive
control [21], robust control [22], adaptive robust control [23]
and so on. Sun et al. [24] proposed an adaptive control
method that can effectively solve the parameter uncertainty
and external interference of the pneumatic artificial muscle
system. Pan and Sun [25] designed a disturbance estimator to
estimate the unmeasurable state variables and disturbances
in the active suspension control of vehicles, and realized
the anti-jamming performance of the suspension through
feedback compensation control. Yang et al. [26] put for-
ward a feedback control method for tower crane based on
nonlinear observer. Most of the anti-interference methods
mentioned above accurately estimate the system interference
by designing an observer, and then achieve the effect of inter-
ference suppression through appropriate compensation con-
trol, thereby achieving excellent robust stability of the entire
closed-loop system. The extended state observer (ESO) [27]
is a commonly used tool for estimating interference and
parameter uncertainty. Yao and Deng [28] designed a TLESO
with a maximum observer gain of 42875, which makes it
relatively sensitive to noise, and is prone to slow convergence
and low accuracy. Pu et al. [29] proposed a fixed-time con-
vergent fal function and three new nonlinear ESO structures.
However, the algorithm of this observer is complicated, which
greatly increases the arduousness of data processing in the
control unit.

Based on this, from the design perspective of an
anti-interference coordinated controller, a power-split hybrid
electric vehicle with double-planetary gears is taken as the
research object. The main contributions and innovations of
this paper are threefold: (a)the essence of the E-H mode
switching jerk is deeply revealed, and the effectiveness of
basic motor torque compensation control strategy for improv-
ing the mode switching quality is also clarified; (b)taking
into account the fluctuation characteristics of engine tran-
sient torque and the variability of vehicle driving conditions,
a coordinated control algorithm for interference suppres-
sion based on state observer estimation and compensation
is proposed; (c)Aiming at the large observation error of the
high-gain TLESO, an ILESO is further designed. Finally,
the estimation accuracy of ILESO and the effectiveness and
adaptability of the feedback compensation coordinated con-
trol strategy based on ILESO are verified by simulation test.

The outline of this paper is organized as follows.
In Section II, the transient driveline model of the power-split
HEV is built. In Section III, the mode transition process is
divided into three stages, and the basic motor torque com-
pensation control is presented. Then the problem statement is
illustrated in Section IV, and the coordinated control strat-
egy based on ILESO is proposed in Section V. The corre-
sponding simulation results are given in Section VI. Finally,
Section VII gives the conclusion.
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Il. MODELLING OF THE POWER SPLIT SYSTEM WITH
DOUBLE-PLANETARY GEARS

A. THE POWER SPLIT SYSTEM WITH DOUBLE-PLANETARY
GEARS

The power-split system studied in this paper is shown
in Figure 1. Wherein, the engine is connected to the planet
carriers of the front PG, the motor MG1 is connected to the
sun gear of the front PG, while the motor MG2 is connected
to the sun gear of the rear PG. The ring gear of the rear
PG is fixed. The front gear ring and the rear planet carrier
are connected together to transmit and then output power.
In particular, the decoupling of the engine speed and torque
could be achieved by controlling MG1 and MG2. Meanwhile,
the engine speed could be regulated by adjusting the torque
of MG, thereby changing the operating range of the engine
and reducing the fuel consumption.

Engine

oo+

. I E-eoD<te-=m

FIGURE 1. The power-split system with double-Planetary gears.

According to the working state of the power sources and
the brake, eight working modes of this power-split HEV
could be realized: MG2 single driving mode, MG1 and
MG2 combined driving mode, engine independent driving
mode, hybrid driving mode, parking charging mode, com-
posite braking mode, mechanical braking mode and parking
mode. Among them, the typical working modes are shown
in Table 1. Since the E-H switching process from the electric
driving mode to the hybrid driving mode involves various
intermediate states such as the starting and speed regulat-
ing process of the engine, it is more complicated than the
other switching process. Therefore, this paper focuses on
the dynamic characteristics of the system during the E-H
switching process.

TABLE 1. Typical working modes.

Working

modes Engine MGI1 MG2 Bl Description
Electric Low speed and
driving Off On On Lock load, large
mode SOC
Hybrid Increased
driving On On On Lock vehicle load,
mode low SOC
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B. THE TRANSIENT MODEL CONSTRUCTION

1) ENGINE AND MOTOR MODEL

In consideration of the time delay of engine, this paper uses
the combination of “‘engine steady-state lookup table model”
and ““first-order inertial delay module” to characterize the
dynamic properties of the engine [30]:

1
— (e ) ey

Tp =

Among them, Tr and wg are the output torque and speed of
the engine, respectively. 7g is the time constant of the engine
torque response, and f is the mapping function between the
steady-state torque of the engine, the throttle opening «, and
the engine speed, which is usually constructed from engine
bench test data.

Similar to the engine, the dynamic models of MG1 and
MG?2 also use a combination of experimental modeling and
theoretical modeling to establish a quasi-steady-state look-up
table model. Take MG2 as an example:

Tuc: = TymG2—0 (2)

Tms + 1
Among them, T2 is the output torque of the motor MG2,
T, 18 the time constant of the motor torque response, and
Tymca—o is the target torque of the motor.

T T,
——QgR pupsund © 8
IRla.)Rl IRZG.)RZ

TCl <IC2_

-— — — Cl Tz -«— — — CZ
Icla.)Cl ICZd)CZ
ISla‘)Sl /SZa.)SZ
-~ — — Sl -~ — — 52
TSl TSZ
PG1 PG2

FIGURE 2. The lever diagram.

2) POWER COUPLING MECHANISM MODEL

To realistically simulate the dynamic performances of a
power-split HEV, it is necessary to build the transient
model. Ignoring the inertia of the planet gears, the elas-
ticity and damping of the system, the lever model of the
double-planetary gears shown in Figure 2 can be obtained.
Among them, Ig1, Ic1 and I are the concentrated inertia of
the ring gear, the carrier and the sun gear in the front PGI,
respectively. wgry, we1 and wgp are the angular velocity of
the members mentioned above, respectively. The same goes
for the rear planetary gears. 7> is the internal torque between
the front ring and rear carrier, T, is the external torque acting
on the ring gear R2, and T¢; is the external torque from the
vehicle at the output shaft end of the coupling device, while
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Tc1, Ts1 and Ty represent the external torque of the engine,
MGI1 and MG2 respectively.

According to the leverage model, the following equation
of the front PG1 can be obtained:

{Tm +Tc1 — Tz = Ipior + Ic10c1 + Is10s1

) ) 3
Tsi1(1+ k) +Tcy1 =Icioct + Isiws1 (1 + ky)

Similarly, the torque balance equation of PG2 is as follows:

{Tsz —Tc2 + T2 + Try = Ippwpa + Ic200c2 + Isaws2 @)

Tsoky — Ty = —Ippwp2 + Isowsokz

where,
Ts1 = Tuct — IuGiomct (5
Ts> = Tycz — Iuc2omc2 (6)
Tcy =Tg — IgwE @)
Tcr = Tour + Lows @our (®)
Tour = Treq + Tork )

where Tyc1, Img1 and wyg are the output torque, inertia
and rotational speed of motor MG, respectively. Ty2, Inc2
and wyo are the output torque, inertia and rotational speed
of motor MG2, respectively. Tg, Ig and wg are the output
torque, inertia and rotational speed of the engine, respectively.
T, represents the output load, including the equivalent resis-
tance torque 7.4 of the vehicle running resistance and the
equivalent resistance torque T of the braking torque. I,,;
is the equivalent inertia of the vehicle mass, and wy,; is
the output speed of the carrier C2. k; and k; represent the
characteristic parameters of the front and rear planetary gears,
respectively.

According to the connection method and the unique speed
relationship of the planetary gears, it can be known that:

ws1 + kiogr = (1 +kpwc (10)
ws2 + kowry = (1 + ko)wcz (11)
WR1 = WC2 = Wout (12)
ws1 = WYGI (13)
ws2 = OMG2 (14)
wc| = WF (15)
wgy =0 (16)
Then it can be obtained that:
[ Tg + (1 + k)Tmct }
Tg + Tuct + (1 + k2)Tmcz — Tous

i I || o
= . 17
[121 122}[6001”] {17
where

Iy =1Ig+1c1 + (A + k)Uuc + Is1) (18)
Lo = low +1Ir1 + 12

— ki(mct + Is1) + gz + Is2)(1 + k)* (19)
by = Ig +Ic1 + Uyt + Is)(1 +ki)? (20)
Iy = —ki(1 + k)Uycr + Is1) 21
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1Il. BASIC MOTOR TORQUE COMPENSATION
CONTROL(BMTCC) DURING E-H MODE

TRANSITION PROCESS

The E-H mode transition process consists of three phases:
pure electric phase, engine cranking phase and hybrid driving
phase. Fig.3 gives a corresponding staged BMTCC diagram.
Among them, according to the energy management strategy
that has been set in advance [31], the vehicle required torque
T'eq is allocated to each power source, and the corresponding
steady-state target torque Tr—gms, TmG1—Ems, TMG2—EMs are
derived, so as to achieve the optimal fuel economy of the
vehicle. Then taking into account the tasks of each stage,
the BMTCC is given for the purpose of reducing the mode
switching jerk. More details could be found below.

When the hybrid vehicle is operating in the pure electric
driving mode, the engine torque is 0, and the motor MG1 con-
trols the engine at the zero speed point as shown in fig.3(a).
The output speed and torque of the power coupling device
remain unchanged. At this time, the whole vehicle works in
the steady-state pure electric mode, so that the torque distri-
bution of the energy management strategy is the target torque
output of BMTCC, namely Tr_o, Tyg1—o and Tyga—o. The
target torques of two motors are as follows:

Twc1—0 = kp1 (@E — 0) + ki / (0 — Ot (22)

1
14+ k

Among them, k,; and k;; are the proportional and inte-
gral parameters in the MGI1 controller to regulate the
engine speed, respectively. The common empirical method
is adopted to achieve the parameter adjustment.

When the vehicle speed exceeds a certain threshold Vi,
(this paper is set to 32km/h), the pure electric mode can
not meet the driving demand. It is necessary to start the
engine to idle speed (900r/min) within 0.5s [32], and make
the longitudinal jerk lower than the German limit standard
(10m/s®). Considering the fast response characteristics of the
motor, the MG2 torque could be used to compensate the
torque ripple caused by engine start. As shown in fig.3(b),
the extra torques in BMTCC module to start the engine and
to reduce the jerk are added to MG1 and MG?2 separately.
Thus the target torques of two motors are as follows:

Tyca—0 = Treq (23)

w10 = 1T + lﬁlkl OF—tager (24)
T, L 7 ki T+ AT,
MG2—0 = Tkz req — m of T ATMG2—0
(25)
I I .
ATycz—0 = ( YWE (26)

l+k  (I+k)(+k)

where T, is the starting resistance torque of the engine.
During the engine cold start process, the temperature of the
cylinder and the piston are relatively low, the resistance torque
increases with the rise of the engine speed, and the initial
increase rate is slow. When the idle speed is about to be
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FIGURE 3. The BMTCC diagram.
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FIGURE 4. Engine cold start resistance torque.

reached, the resistance torque rises rapidly. Finally, the rela-
tionship between the resistance torque and the rotational
speed is shown in Figure 4 [33].

Once the engine speed exceeds the idle speed, the power-
split HEV quickly switches to the hybrid driving mode.
At this time, the engine outputs torque and drives the vehi-
cle together with MG2. Then MGI regulates the engine to
work at the economic speed (1500r/min). Considering the lag
characteristics of the engine torque and the unique structural
properties of the planetary gear, the actual engine torque is
estimated in real-time using two motor dynamics during the
engine speed regulation phase:

Tg—est = —(1 + k1)TMG1-mea
Ly . ki(l21 + 1) + 1 .
o, + 1) 27
T+ 0+ k) M GD
As shown in Figure 3(c), BMTCC includes the jerk com-
pensation module of MG, jerk compensation module of
MG?2 and engine torque estimation module. Thereby the com-
prehensive compensation control law of MG1 and MG2 are
obtained:

Ly .

Tvci—o = ——Tg_ —_— ATyc1—

MG1-0 T+ h Eest+1+kle+ MG1-0
(28)

ATycr1—0 = kp2(wWg—e — wE) +kin / (WE—¢ — wE)dt
(29)

T -1 7 ki T
MO0 = T 0 ™ ™ k(I + k) 7

+ ATyG2-0 (30)

In order to reveal the mechanism of jerk more intuitively,
the basic motor torque coordination strategy is simulated
and analyzed by Matlab/Simulink software. The dynamic
response characteristics of the system as shown in Fig. 5 can
be obtained. The critical components of the whole vehicle are
shown in Table 2.

As can be seen from Fig. 5, the vehicle works in the purely
electric mode (mode 1) in the initial stage. At this time, the
motor MG2 separately output torque to drive the car and
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TABLE 2. Key Component Parameters of HEV.

Parameters Value
Maximum .
54kW(4700r/min)
power(speed)
Engine
Maximum torque 115Nm
Maximum 15KW(8000r/min)
power(speed)
MG1
Maximum torque S55Nm
Maximum .
30kW(12000r/min)
power(speed)
MG2
Maximum torque 305Nm
capacity 6.5Ah
Battery
Rated voltage 288V
The front PG1 1.842
Characteristic
parameters of PG
The rear PG2 248
Mass (full load) m 1398kg
Frontal area 4 1.746m?
Air resistance 03
coefficient Cp ’
Rolhng drag 001
. coefficient fron
Vehicle
Rolling radius R, 0.287m
Main red}lce.r speed 303
ratio i,
Kpi/kii 0.025/0.015
Kp2/kiz 0.5/0.0001

made it better to track the ideal vehicle speed, and there is
no obvious longitudinal jerk of the vehicle.

When the vehicle speed reaches 32km/h at 10.67s, the vehi-
cle controller sends a mode switching signal, then MG1 tow-
ing the engine from a static condition to its idle state,
which causes an obvious jerk in the negative direction.
During the engine cranking phase, the torque change rate
of MG1 increases rapidly, while the torque change rate of
MG?2 is low, but the engine resistance torque is negatively
increasing. The vehicle’s driving resistance torque remains
unchanged, thus it causes a negative jerk at this stage. Simul-
taneously, MG2 adjusts its torque to drive the vehicle to
continue tracking the target vehicle speed, but the tracking
effect is deteriorated.
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FIGURE 5. System responses during the E-H mode transition process.

When the engine speed reaches its idle speed at 11.07s,
it starts to inject fuels and ignite. Then the vehicle enters into
the hybrid driving mode (mode 3). However, due to the for-
mulation of the energy management strategy, the power split
HEV must go through an engine speed regulation stage before
it can enter a stable hybrid driving mode. During this regula-
tion stage, the vehicle produces a large positive and negative
jerk. The negative jerk at this stage is mainly caused by the
output torque of MG1, while the positive jerk is mainly due
to the engine output torque. Until the engine is stable at the
economic operating point, the vehicle works in a stable hybrid
driving mode, and the E-H mode switching process ends.
In a word, when the BMTCC is adopted, the MG2 torque
is increased timely during the engine cranking phase, and
moderately decreased in the initial stage of the hybrid driving
mode, thereby significantly reducing the longitudinal jerk.

IV. PROBLEM STATEMENT

The effectiveness of the above-mentioned BMTCC strat-
egy is based on the assumption that the torque executions
of the power sources are accurate, the entire closed-loop
control system is time-invariant, and there is no parame-
ter uncertainty and external interference. However, in the
actual driving process, hybrid electric vehicles are suscepti-
ble to interference from engine, road grade changes, rolling
resistance coefficient, actuator noise, and sensor measure-
ment noise [34].
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Engine is the main source of system fluctuations
and response delay [35]. Regardless of the simplified
“steady-state Map + first-order inertia module” model or
the complex engine average model, the modeling errors are
unavoidable. At the same time, due to the non-linearity,
uncertainty and environment influence, accurate engine
torque control is also difficult to achieve [36].

In addition, Chen and Sun [37] showed that the main distur-
bance factors affecting the mode switching response during
HEV mode switching include not only the engine torque
execution interference, but also the load torque interference.
Due to the variability of road conditions, HEV is directly
affected by road interference, which in turn causes chain
changes in load torque. It is the road surface interference
that directly acts on the vehicle, resulting in a significant
longitudinal jerk.

Therefore, the design of a dynamic coordinated control
strategy for hybrid electric vehicles that considers the above
interference has important practical significance for real vehi-
cle applications.

V. THE COORDINATED CONTROL STRATEGY BASED ON
ILESO

Based on this, various disturbance factors such as engine
modeling error and actuator error are integrated into engine
torque interference dj. The disturbances such as the road
slope and the rolling resistance coefficient are unified and
integrated into the output load disturbance as d.

Because of the importance of engine dynamic performance
and road conditions for mode switching smoothness, this
paper focuses on these two disturbances. From equation (17),
the coupling mechanism model including the disturbances
could be obtained:

|: wF :| _ B'|:TE+d1+TMG1+(1+k2)TMGZ_Tout_d2]

Dout Te+di+(1+k)Tuc

31
-1
B— [111 112} (32)

Then it could be transformed into the following state-space
model:

X1 =B-U+d 33)
WE

= 34

X [%m} (34)
Tg + Tyt + (1 + k2)Tycz — Tour

U= 35

[ Tg + (1 + k)Tmct } (35)

d:B{@_@] (36)

d

According to the principle of the extended observer, a new
extended state vector is constructed:

X=d (37)
Then the TLESO of the system is:
e =71 —X| (38)
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21 =2+B-U — foer (39)
22 = —piel (40)
Among them, z; and z, are the real-time estimated value

of the state vector x| and the extended state vector X, respec-
tively. Where

| Bor O

Bo = [ 0 1302} (41)
| B O

B = [ 0 1312} (42)

Bo1, Bo2, B11, B12 are all positive numbers.

It can be seen from the Eq.39-40 that the tracking adjust-
ment of z; and z, both need to be achieved by controlling the
error ey, so that they could track the target value respectively.
But for the extended state observer, making z; fast track on
x1 is the primary target, followed by z» approaching d. Once
this sequence is out of order, the system adjustment will fail.
Obviously, the system controls z; and z; at the same time.
Under this mechanism, when z; has not stably tracked x1,
it is of little significance to control z; to approach d. When z;
stable tracking x; is completed, the adjustment of z; becomes
relatively difficult because e is already very small. In order
to achieve the effective adjustment of z, the TLESO is only
made by selecting a larger gain 1, but an excessive gain will
reduce the dynamic performance of the observer. Therefore,
it is not appropriate to adjust the derivative of z with the
error ey according to the deviation control principle, and it
is necessary to find a suitable deviation to replace e;.

It could be deduced from the formula (38-39):

71 = ‘61 + x1 (43)
2=21—B-U+ Poe
Further
22 = x2 + &1+ Poer (44)

It can be seen that the error between z; and x; is 1 + Boei,
and the rapid convergence of the system could be speed up by
adding it as a control variable. Based on this idea, an ILESO
is constructed:

€] =231 —X1

21 =22+ B-U — Poey
Zp = —B1lé1 + (Bo + Deil (45)
If
Xy =e1=21—x
er=2—d (46)
Then
=z1—X1=2+B-U—poey—B-U—d
= e2 — Poey 47)
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In that way, the system equation of the observation error is:
X =X,
Xy = & — Poe1 = 2 —d — PoXo
= —(B1 + poX2 —w — Bi1(fo + DXy (48)

According to the Barbashin formula, the Lyapunov func-
tion is attempted to be found:

_ BoBr(Bo+ DX} + poX3

\% 49)
Bo + Bi
Then its derivative is:

. V. v . Bo
V=—X +—X» = —2B0X? -2 Xow(@®) (50
ax; 8X22 BoX5 ﬂo—i—ﬂlz()()

where

d = w(t) (51)

It can be obtained that V is positive definite and has infinite
properties from the condition that By and B; are positive
values. When w(¢) = 0, the following conclusion could be
summarized:

V<0 (52)

Therefore, the zero point of the error system is globally
asymptotically stable. When the disturbance w(t) is not equal
to 0, and the maximum absolute value is wg, there will be a
certain error in the observed value. That is:

wo
lei] < ———
Bi(Bo+ 1)
ool = 0 (53)
Pi1(Bo+ 1)

Similarly, according to the formula (46-48) in the above
text to define the observation error system of TLESO. After
the system reaches the steady state, the following formula is
satisfied:

X1=0,X=0 (54)

Then the steady state error range of TLESO could be
obtained:

lea] = —— (55)

Compared with eq.(53), the observation error of ILESO
is 1/(Bo+1) of the TLESO, and the observation accuracy is
greatly improved.

By designing the ILESO shown in eq. (45), the estimated
value of the comprehensive interference Z, can be obtained,
then the estimated values of engine torque disturbance d; and
load disturbance d» are further calculated as follows:

dy Ly —L In-1Ip
M = Z 56
[dl} |: I I } : (56)

In summary, the mode switching control block diagram of
HEV shown in Fig.6 is proposed. Among them, the driver
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FIGURE 6. Block diagram of mode switching control for hybrid electric vehicle.

model is simulated by PI control, and the difference between
the target vehicle speed and the actual speed is taken as
the input. By adjusting the proportional and the integral
coefficient, the vehicle demand driving torque Ty, can be
calculated to ensure the vehicle speed tracking. The BMTCC
strategy then decouples the Ty, to the initial target torque
TE—_o of the engine, TyG1—o of MG1 and Tyga—o of MG2.
According to the three stages of the E-H mode switching
process, the expressions of the initial target torque of each
power sources shown in eq. (22-30) are derived.

Since the mode switching process is susceptible to inter-
ference from engine torque and driving conditions, an ILESO
is designed for real-time estimation. By collecting the actual
engine speed wg and output shaft speed w,,,; signals, the devi-
ation between each state variable and its observed value is
used as the adjustment basis for the state variable, thereby
outputting the interference estimation value to the distur-
bance compensation module. According to the current driv-
ing information of the HEV, such as SOC, vehicle speed,
and other signals and the established mode switching rules,
the sub-switching controller K matches the interference
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compensation control in different switching stages at appro-
priate time. Thus, the dynamic coordination controller of
the entire HEV is formed, including the BMTCC mod-
ule, the engine torque estimation module, the ILESO module
and the disturbances compensation module. The multiple
Lyapunov method is adopted to design the Lyapunov func-
tions for the three subsystems of mode switching, which
can verify the global asymptotic stability of the coordi-
nated controller. In particular, the following torque compen-
sation redistribution strategy at each stage in the disturbances
compensation module could reduce the impact of external

interference:
1) Electric driving phase

Tvcz = Tmca—o — d 57
G2 = Tuga-0 = 77 d2 (57)
2) Engine cranking phase and hybrid driving phase

Tmct = Tuci—o — d 58
MG = Tui-0 = 7 ‘|ik1 1 . (58)

A 1 A

T, = Tmca—o0 — dy — d
M@ = MR T T 6 T Atk + k)
(59
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FIGURE 7. Estimation error comparison between TLESO and ILESO.

VI. SIMULATION ANALYSIS

A. EFFECTIVENESS OF THE ILESO

In order to verify the effectiveness of the proposed coordi-
nated control strategy, Gaussian white noise with a bandwidth
of 20 Hz and a variance of 20 Nm and 100 Nm are used
to simulate the engine torque output disturbance d; and the
output load disturbance d> [9], [37]. At the same time, a simu-
lation form of adding noise separately is adopted to reveal the
influence of the two kinds of interference on the mode switch-
ing response in depth. Among them, the observation gain
matrices in ILESO in this paper are o = diag{50 100}, g1 =
diag{50110}. The specific parameter adjustment method of
the observer is as follows: First, according to the Hurwitz
stability criterion of the observer error system, the gain range
that makes the system stable is obtained; Then the desired
disturbance observation bandwidth of the observer is set
referring to the dynamic characteristics of the disturbance,
and the final gain value is determined according to the pole
configuration method.

Fig.7 shows the estimation comparison of the two extended
state observers. Obviously, there are apparent deviations at
multiple time points of TLESO for engine disturbance and
load disturbance, while the estimation of ILESO is more

VOLUME 8, 2020

L
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Time(s)

12

(d) Output shaft speed estimation error

accurate. Meanwhile, the steady-state observation errors of
ILESO for the state variables wg and w,,, are also smaller
than that of TLESO, and the observation error could be
reduced by 1 to 2 orders of magnitude. Therefore, compared
with the traditional linear/non-linear ESO, the ILESO pro-
posed in this paper can not only reduce the complexity of
the algorithm, but also improve the observation accuracy,
which lays the foundation for the subsequent application of
the proposed coordinated control strategy for interference
compensation.

B. EFFECTIVENESS OF THE COORDINATED CONTROL
BASED ON ILESO

It can be seen from Fig. 8(d-e) that when the HEV does
not adopt any interference compensation coordinated control
strategy, the engine torque interference obviously deteriorates
the smoothness of stage 2 and stage 3 and the stability of the
vehicle speed tracking. Moreover, this kind of interference
has not been noticed by the upper controller, and the torque
commands of the motors MG1 and MQG2 are still issued by
the pre-set basic coordinated controller (green dotted line
in Fig. 8 (b-c)). However, the disturbances compensation
coordinated control strategy based on ILESO could quickly
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TABLE 3. Comparison of coordinated control effects based on two observers.

RMS value of interference

Maximum longitudinal jerk Maximum error of vehicle

Disturb t Ob t
1sturbance type server type estimation error (m/s’) speed tracking (m/s)
. . TLESO 343 9.80 0.0331
Engine torque disturbance
d
! ILESO 1.67 8.21 0.0328
TLESO 14.95 10.46 0.0339
Load disturbance d>

ILESO 5.82 9.74 0.0338

and accurately estimate the current interference signal value
(Fig. 8(a)). Subsequently, the torques of the motor MG1 and
MG?2 are re-determined through the interference compen-
sation strategy shown in eq. (57-59) (Fig.8 (b-c) red line).
Finally, the longitudinal jerk of the hybrid driving mode is sig-
nificantly reduced, and the stability of vehicle speed tracking
is improved either(Fig.8(d-e)). Compared with the strategy
without interference compensation, the coordinated control
strategy based on TLESO can also improve the mode switch-
ing quality, but due to the inability to accurately estimate
the engine torque interference, the corresponding jerk and
speed tracking error are obviously worse than the coordinated
control strategy based on ILESO.

Fig.9 shows the comparison of the three coordinated con-
trol effects when the hybrid vehicle is disturbed by the load
at the output shaft. It can be seen from Fig.9(d-e) that the
load disturbance greatly deteriorates the quality of the entire
mode switching, causing a positive impact with a peak value
of 24.5m/s3, and the vehicle speed tracking error oscillation is
obvious. However, the coordinated control based on ILESO
finally controls the longitudinal jerk of the vehicle within
[-10m/s3, 10m/s3], and realizes a relatively stable vehicle
speed tracking at the same time by accurately estimating the
load interference (Fig.9(a)) and the torque re-compensation
of MG2 (Fig.9(c)). In addition, since the observation error
of the two observers on the torque disturbance at the output
shaft is small, the mode switching quality of the coordinated
control strategy based on ILESO is slightly better than that of
the strategy based on TLESO.

Based on Fig. 8-9, it can be seen that, compared to the
engine torque disturbance, the equivalent load interference at
the output caused by changes in vehicle driving conditions
has a greater impact on the hybrid vehicle’s mode switching
response and is more difficult to be eliminated. Table 3 shows
the comparison of the coordinated control based on TLESO
and ILESO. It can be seen from the table that ILESO,
compared with TLESO, has higher estimation accuracy, and
its coordinated controller has better suppression of the lon-
gitudinal jerk during the mode switching process, and the
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corresponding vehicle speed tracking is also more stable.
Simultaneously, the estimation accuracy of the observer has
an obvious positive correlation with the smoothness of mode
switching and target vehicle speed tracking.

In summary, the coordinated control strategy based on
ILESO designed in this paper could significantly improve
the mode switching smoothness and vehicle speed tracking
stability, and even exhibit a certain degree of anti-interference
ability.

C. ADAPTABILITY OF THE ILESO-BASED COORDINATED
CONTROL TO A WIDE RANGE OF ROAD CONDITIONS
Generally speaking, the roads for vehicles mainly include
asphalt/concrete roads, gravel roads, dirt roads and icy roads
on rainy and snowy days, and the corresponding rolling
resistance coefficient is in the range of [0.01,0.03]. Similarly,
according to China’s highway route design specifications,
the maximum longitudinal slope of the highway plain hilly
area is 3%, and the maximum slope of the first-class automo-
bile highway plain hilly area is 4%, so the general road slope
should be [0,4%] [38].

Based on this, the random distributions of the above param-
eter intervals are used to simulate the random change of
the road conditions in a wide range (Fig.10(a), Fig. 11(a)).
And the corresponding load torque change is obtained by the
vehicle running resistance torque formula shown in eq. (60),
as shown in Fig.10(b) and 11(b).

1
Tows = Ry - [mgi + mgfron + EpCDsz +mal  (60)

where i is the road gradient, v is the longitudinal vehicle
speed, and a is the acceleration.

The random road conditions shown in Figs. 10(a) and 11(a)
are added separately to the vehicle simulation model to
obtain the coordinated control effect diagrams shown in
Fig. 10-11(c-d). As shown in Fig.10, when the rolling resis-
tance coefficient changes randomly, the mode switching jerk
and vehicle speed tracking error both increase significantly,
even up to 16.4m/s> and 0.068m/s, respectively.
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FIGURE 8. Comparison of three kinds of coordinated control effects
under the engine torque disturbance.

However, the coordinated control strategy based on ILESO
could effectively control the jerk within [—4.6m/s3,5.4m/s3],
and also significantly reduce the speed tracking error by esti-
mating the interference. Similarly, Fig.11(c-d) also depicts
the effectiveness of the coordinated control strategy when
the road gradient changes randomly from two aspects of
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the mode switching comfort and vehicle speed tracking
effect.

According to fig.10-11, it can be concluded that when the
coordinated control strategy of interference compensation is
not adopted, HEV is more sensitive to road gradient changes
than the road rolling resistance coefficient. This is mainly
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is random.

because the corresponding driving resistance changes are VIl. CONCLUSIONS

more severe, which causes higher jerk and vehicle speed By studying the dynamic characteristics of the E-H mode
tracking errors. After adopting the coordinated control strat- switching process for the power-split hybrid electric vehicle,
egy based on ILESO, whether it is the change of the road the corresponding transient vehicle model is built, and the
rolling resistance coefficient or the road slope, HEV has good jerk caused by engine lag is analyzed, and the typical basic

adaptability to both, and the corresponding control effect is motor torque compensation coordinated control strategy is
similar. In summary, the ILESO-based coordinated control further introduced.

strategy proposed in this paper has excellent adaptability and Taking into account the disturbance characteristics of the
important practical application value for a wide range of road engine torque and variable driving conditions, a coordinated
conditions. control strategy composed of an improved linear extended
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state observer and a torque redistribution module with system
disturbances compensation is proposed. Then through the
Matlab/Simulink simulation platform, the anti-interference of
the strategy, the smoothness of the mode switching quality
and the adaptability to a wide range of road conditions are
finally verified.

Subsequent research will comprehensively consider dis-
turbance factors such as system time delay and parameter
perturbation, and seek a robust coordinated controller with
excellent anti-interference ability, which has certain guiding
significance and reference value for the future engineering
practice.
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