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Abstract

In this paper, we address the problem of jerk and disturbance suppression during mode
transitions in power-split hybrid electric vehicles. First, a transient switching model of
the PS-HEV is developed. Next, the mechanisms underlying shock generation and the
influence of disturbances on transition smoothness are analyzed. Based on this, a fixed-time
dynamic coordinated control strategy is proposed, comprising a novel sliding mode control
law and a fixed-time extended state observer. The proposed fixed-time sliding mode control
law is independent of initial state values and ensures superior convergence performance.
Meanwhile, the fixed-time extended state observer enables real-time estimation of external
disturbances, thereby reducing the conservatism of the control law. Finally, simulation
and hardware-in-the-loop results demonstrate that the proposed strategy markedly im-
proves mode transition performance under various disturbance scenarios. This work
provides a new perspective on hybrid mode transition control and effectively enhances
transition smoothness.

Keywords: power-split hybrid electric vehicles; disturbance suppression; fixed-time sliding
mode control; extended state observer

1. Introduction

Reducing carbon emissions is a global policy imperative, leading automotive compa-
nies to increasingly adopt hybridization as a strategy for energy conservation and emission
reduction [1]. Hybrid electric vehicles (HEVs) dynamically adjust their operating modes
in real time to meet varying power demands by leveraging the operating characteristics
of both electric motors and internal combustion engines (ICEs) [2]. The widespread adop-
tion of hybrid electric vehicles (HEVs) depends on the coordinated progress of multiple
factors, including power-train optimization, dynamic torque coordination, refined energy
management, and improved battery performance [3]. While less reliant on charging net-
works than battery electric vehicles, HEVs benefit from integrated refueling and charging
infrastructure, standardized maintenance systems, and robust supply chains that enhance
user convenience [4]. Policy incentives, such as purchase subsidies, tax reductions, and
preferential traffic measures, further drive market penetration. HEVs encompass series,
parallel, and power-split configurations. The series HEV adds an internal combustion
engine (ICE) to a battery electric vehicle (BEV), converting the engine’s mechanical energy
into electrical energy to drive the motor. By eliminating components such as the clutch and
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transmission, the vehicle structure is simplified and manufacturing is facilitated. However,
the required secondary energy conversion from mechanical to electrical power introduces
significant energy losses during operation [5]. The parallel hybrid configuration integrates
an electric drive system into a conventional ICE vehicle. Unlike the series configuration,
its motor serves as both generator and traction motor, reducing battery capacity require-
ments. However, with only one motor, the battery cannot be charged during hybrid driving.
Additionally, the parallel structure is relatively complex and incurs higher costs [6]. The
power-split HEV replaces the conventional transmission with a planetary gear coupling de-
vice. The power-split HEV not only enables electronic continuously variable transmission
functionality but also achieves high transmission efficiency. By integrating the advantages
of both series and parallel configurations, the power-split HEV has become a prominent
focus in current research [7]. PS-HEVs capitalize on the advantages of different power
sources across diverse operating modes to achieve optimal power matching [8], a process
that inherently involves mode transitions.

Due to the significant differences in the dynamic characteristics of torque output
between the motor and the engine, torque fluctuations are prone to occur during the
transition from pure electric mode to hybrid mode, resulting in substantial longitudinal
jerk and even power interruptions [9]. To address this issue, various strategies have been
proposed to enhance the smoothness and quality of mode transitions in PS-HEVs. Based
on feedforward compensation, real-time estimation of engine output torque has been
achieved using the mean value engine model [10], forward observers [11], and neural
network estimators [12], with the rapid torque response of the motor employed for torque
compensation. While these methods effectively reduce shift shock, their performance
heavily depends on engine torque estimation accuracy. Consequently, feedback control
approaches have been proposed to further improve transition stability and ride comfort.
Gao et al. [13] designed a sliding mode feedback controller using speed tracking error
as the state variable. Chen et al. [14] developed a composite control strategy combining
feedforward and nonlinear feedback control, significantly enhancing transition robustness.
Building on this, Zhao et al. [6] proposed a switching sliding mode control strategy to
meet varying control requirements across different transition stages. Although feedback
controllers designed under asymptotic stability theory improve shift quality, the transient
nature of mode transitions demands faster response. In this regard, Yin et al. [15] proposed
a finite-time terminal sliding mode dynamic coordination control strategy, further reducing
transition duration, while Ding et al. [16] developed a preset fixed-time clutch speed-
difference controller, enhancing both stability and speed-tracking capability.

However, the robustness of mode transitions remains insufficient. In PS-HEVs, sudden
changes in engine load, road load, and measurement noise frequently occur, necessitating
state observers for disturbance compensation. Chen et al. [17] analyzed such disturbances
and noted that engine-side and output shaft disturbances severely degrade transition
quality. Wang et al. [18] designed an extended state observer for disturbance estimation,
using motor torque compensation to substantially improve robustness. Another study
by Wang et al. [19] developed a model-based dual-loop coordination control strategy that
coordinates the generator and motor for optimal power distribution, thereby suppressing
disturbances and ensuring rapid, stable power delivery. Nevertheless, the estimation
accuracy and response speed of conventional observers remain insufficient for the transient
demands of PS-HEV mode transitions.

Fixed-time control, a nonlinear control methodology ensuring high-precision tra-
jectory tracking within a predefined settling time, has been widely applied in ship con-
trol [20], vehicle formation control [21], and aircraft control [22]. When applied to transient
mode transitions, fixed-time control theory—integrated with sliding mode controllers and
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observers—not only achieves accurate trajectory tracking but also effectively estimates
external disturbances, thereby significantly enhancing transition quality and robustness.
This offers a promising new paradigm for dynamic coordination control in PS-HEVs.

In summary, current research on mode transition has the following areas for im-
provement: (1) Many existing methods seldom consider the instantaneous nature of mode
transition, and control strategies based on traditional asymptotic stability theory struggle
to ensure stability during the mode transition process. (2) Under external disturbances,
conventional observer compensation and controller suppression methods have limited
disturbance rejection capabilities. To address these issues, this paper proposes a novel
fixed-time dynamic coordination control strategy. This strategy designs a dynamic co-
ordination control law using a novel fixed-time sliding mode surface and reaching law.
Additionally, a fixed-time disturbance observer is employed to estimate disturbances in real
time, further reducing the conservativeness of the control law. The specific contributions of
this paper are as follows: This work (1) analyzes the fundamental issues of mode transition
and the impact of disturbances, (2) designs a novel fixed-time sliding mode control law
with disturbance rejection capabilities, and (3) develops a disturbance observer integrated
with the fixed-time sliding mode control law to reduce the conservativeness of the control
law. Specifically, the remainder of the paper is organized as follows: Section 2 establishes
the engine model, motor model, and power-train dynamic model, respectively. Section 3
expounds upon the mode transition problem description for PS-HEVs. Section 4 delves
into the design of a new fixed-time dynamic coordinated control strategy. The subsequent
section (Section 5) covers the simulation and HIL (hardware-in-the-loop) test. Section 6
offers conclusive insights.

2. Modeling of PS-HEV
2.1. Transient Modeling of Power-Train

The PS-HEV power coupling mechanism selected in this paper is depicted in Figure 1.
This configuration does not involve a clutch and has a more compact overall structure.
In particular, the engine is connected to the front planetary row PG1 planetary carrier C1
through the torsion damper. The motors MG1 and MG2 are connected to the sun wheels
of the front and rear planetary rows, respectively. The output shafts are connected to
the toothed ring of the rear planetary row PG2. The two planetary row mechanisms are
connected through the toothed ring. The planetary carrier C2 of the rear planetary row
PG2 is always locked. Without consideration of the damping and stiffness of the shaft and
gears, a lever model of the planetary row power coupling mechanism is established based
on the lever method [23], as shown in Figure 2, and equilibrium equations of torque and
speed can be obtained.

PG1:
Tin + Te + Trvict = IR1Wour + (Ic1 + Ie)wout + (Is1 + Imc1)wmct
=Ty + KiTyer + Ir1wour — K1 (Is1 + Ipig1)wmcr =0 (1)
(1+Ky)we = wygr + Kiwout

PG2:

—Tin — Tout — Tea + Trvca = (Ir2 + Lout)Wour + (Isz + Inc2)wmca
Tin + Tout + Ko Tnvica (Ir2 + Lout)wour = Ko (Isy + Inc2)wmca (2)
wme2 + Koweyt =0

where we, wpiG1, WrmGe, and woyt represent the engine, MG1, MG2, and output shaft speed,
respectively. Te, Trmc1, Tmce, and Ty represent the engine, MG1, MG2, and output shaft
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torque, respectively. I, InG1, Imc2, and Loy represent the engine, MG1, MG2, and output
shaft moment of inertia, respectively. Isy, Is, Ir1, Ir2, and I¢q represent the moment of
inertia of the sun wheel S1, S2, the toothed ring R1, R2, and the planetary carrier C1,
respectively. T;,, and T, represent the internal force between the toothed ring R1 and R2
and the braking torque of the planetary carrier C2, respectively. T, is the load torque
which can be calculated by

Tout = (mgf cost +ma + mgsin6 + ;PCDAUZ) r/ifa (3)

where m is the vehicle mass; g is the acceleration of gravity; 6 is the road slope; f is the
rolling resistance coefficient; p and Cp are the air density and air resistance coefficient,
respectively; A is the vehicle windward area; r is the wheel radius; and ifd is the ratio of the
final drive.

Dynamic coupling mechanism
1

Output

Figure 1. Power-split HEV power coupling mechanism.
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Figure 2. Lever diagram of dual planetary gears.

From Equations (1) and (2), the torque and speed relationship of the entire transmis-
sion system can be expressed by differential equations with the engine and output shaft

we
Wout

designated as state variables.

G G
Gz Gy

T, + (1 + K1) Tmci

(4)
Te + Tpmcr — KoTmea + Tout
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G1=Ic1 + I+ (1 +K1)*(Is1 + 1), G2 = —K1(1 + K1) (Is1 + Img1), Gs = It + Lo + (1 + Kq)(Is1 + Inc1),

Gy = K22 (Ipga + Is2) + Lout + Iro — Ky(Is1 + Imc1)-

2.2. Transient Modeling of Engine and Motor

The transient model of the engine can be constructed by combining the first-order
inertial delay link and the steady-state torque output model of the engine [17]. Similarly,
the motor model can be constructed by combining the first-order inertial delay link and
the motor steady-state torque output model. It is important to note that the motor torque
output response characteristics exhibit a much faster response than the engine’s. The
steady-state torque output model of the engine and motor can be empirically transformed
into a lookup table model. In particular, it can be expressed as

T, = ﬁf(we/ ae)

Tumct = mgsrrf (Wmct, TMG1_req) )

Tmc2 = gossrif (WMt Twca req)
where 7., TypG1, and Tpigo denote the first-order inertial delay coefficients of the engine,
MGI, and MG2, respectively. o, is the throttle opening of the engine. TaiG1_req and TpG2_req
are used to represent the demand torques of MG1 and MG2, respectively. The parameters

of the vehicle model are shown in Table 1. The engine and motor efficiencies are shown
in Figure 3.

Table 1. The parameters of the vehicle model.

Parameters Value
Vehicle mass m 1525 kg
Air resistance coefficient Cp 0.31
Air density p 1.23m3/kg
Frontal area A 2.02 m?
Rolling resistance coefficient f 0.008
The radius of wheel r 0.317 m
The ratio of the final drive iy 3.269
Characteristic parameter of PG1 and PG2 K /K; 2.6/2.639
Engine maximum power P, 73 kW
MG1 maximum power Pyic1 23 kW
MG2 maximum power Pyig2 60 kW
0.4
0.4+ 0.38
0.36
£0.35
g 0.34
‘o
% 03 -
g 03
[
5 0.25 1 0.28
0.26

0.2 1\\\/200 0.24
6000 4000 100

2000
Engine torque (N) 00 Engine speed (rpm)

(a) Engine efficiency

Figure 3. Cont.
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Figure 3. Power source efficiency.

2.3. Mode Transition Logic

In HEVs, a switching logic is necessary to determine the requirement for mode tran-
sitions. Initially, the vehicle operates in pure electric mode. When the vehicle speed and
demand torque reach predetermined thresholds, the vehicle enters the mode transition
phase. During this phase, the engine speed must be reduced to idle. Once the engine
reaches idle speed, the vehicle transitions into hybrid mode, where both the engine and the
motor jointly provide output power. The mode transition logic is shown in Figure 4.

Pure electric mode

A4

NO

T.,2T,., &v255 m/s
oo YES|
> Mode switching stage <
e
YES]

Hybrid driving mode

Figure 4. The mode transition logic.
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3. Mode Transition Problem Description for PS-HEVs
3.1. PS-HEV Mode Transition Problem

For clutch-less PS-HEVs, mode transitions do not require the consideration of clutch
engagement or disengagement. Instead, two primary objectives must be achieved: ensuring
continuous power delivery to the output shaft during the transition and bringing the engine
to its idle speed. However, the inherent torque response delay of the engine may result in
insufficient output shaft torque to meet the overall demand, leading to a short-term power
interruption during the transition. Consequently, in the absence of external disturbances
and coordinated control, the transition-induced shock predominantly occurs at the onset of
the transition and at the initial stage of entering the hybrid mode, as illustrated in Figure 5.
The expression for jerk is given by Equation (6), with shock degree being an important
indicator of mode transition smoothness. According to German standards, the maximum
absolute value of the jerk should not exceed 10 m/ 3.

da

o (6)

jabs_max = |j|max =

max

where j,s_max represents the maximum absolute value of the jerk, and j denotes the actual
value.

5 — 480
I
0 lek.l' z
-5 IQ ~ ¥ N ~ 1440 2
~
o . ~—_ g
£l 8
=z — Jerk 4420 i
& -15L — -Demand torgue g
@
50 Tini a
- L {400
| end
-25 . L L L L
3 35 4 4.5 5 55 53
Time (s)

Figure 5. Mode transition process problem description.

In Figure 5, T},;; and T,,,; represent the initial and final moments of the mode transition,
respectively. At the initial moment of the mode transition, the inability to coordinate the
engine start-up torque demand with the output shaft torque demand increases demand
torque and results in negative shock. At the initial moment of entering the hybrid mode,
due to the lack of compensation for the engine response delay torque, the entire output
shaft power is again insufficient, causing an increase in demand torque and resulting in a
negative shock. In summary, mode transition jerk is a mismatch between the demand and
actual output torque. Therefore, a controller that quickly provides the demand torque can
improve the mode transition jerk.

3.2. PS-HEV Mode Transition with Disturbance

When a PS-HEV encounters disturbances during mode transitions, the quality of the
transition deteriorates, as shown in Figure 6. Disturbances generally originate from the
engine end and the output shaft end. Engine-end disturbances are primarily caused by
incomplete combustion or the influence of auxiliary loads such as air conditioning and
power steering. Output shaft end disturbances mainly result from sudden load variations
induced by changes in road gradient or surface adhesion. Suppose the disturbances are
represented in the form of step torques. The step disturbances at the engine end and the
output shaft end can be set to 20 N [6], within the time range [4.25, 4.5] s, as shown in
Figure 6a. Figure 6b shows the vehicle’s longitudinal jerk under these disturbances. The
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results indicate that, under the same disturbances, the jerk from the engine end is greater
than that from the output shaft end, and mixed disturbances from both ends further worsen
the vehicle’s smoothness to a certain extent.

20
£
€15t
0]
Q
c
®©
<210
=1
@
©
a 5r
2
]
0 . . ) )
0 2 4 6 8 10
Time (s)
(a) Disturbance in the form of a step
20 T T v Without disturbance
— -Engine side disturbance
Output shaft end disturbance
10F — -~Hybrid disturbarce
i
% 0 i Ay
= | H
2 -‘i
-10} i
1
]
!
=20 L L L L "
3 3.5 4 4.5 5 55 5]
Time (s)

(b) Jerk under step torque disturbance

Figure 6. Vehicle jerk under disturbance.

In summary, external disturbances during mode transitions degrade the smoothness
of the transition. Therefore, observing and compensating for external disturbances is
necessary to improve smoothness.

Therefore, suppressing disturbance is important to improve the quality of mode
transition.

4. Design of PS-HEV Coordinated Control Strategy Based on
Fixed-Time Theory

The previous sections identified two main causes of impact during the mode switching
process in PS-HEVs: first, a mismatch between the demanded torque and the actual torque;
second, disturbances that degrade the quality of mode transition. To address these issues, a
novel fixed-time dynamic coordinated control strategy (NFI-DCCS) is proposed to improve
mode transition quality. Specifically, a novel fixed-time sliding mode controller is designed
using speed tracking error as the input to minimize the difference between the demanded
and actual torque and suppress disturbances. On this basis, a fixed-time extended state
observer tailored for PS-HEV is designed to achieve precise disturbance estimation, reduce
system gain, and enhance mode transition quality, as shown in Figure 7.



Energies 2025, 18, 4438

90f23

[wm' a)autd]T [E1 Ez]Ti Fixed-time
+ C: ! controller

E[“‘ w] PS-HEV
L i
(5 o]

model

observer

Fixed-time
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Figure 7. Novel fixed-time dynamic coordinated control strategy.

4.1. Fixed-Time Terminal Sliding Mode Controller Design

Fixed-time sliding mode control is a control method that combines the fixed-time the-
ory and sliding mode control. Compared with traditional sliding mode control (SMC) and
finite-time sliding mode control (FTSMC), its main difference lies in that the convergence
time is globally fixed, rather than depending on the size of the initial error. Specifically, the
design of the fixed-time terminal sliding mode controller can be divided into the following:

Step 1: Theoretical preparation.

Lemma 1 ([24]). Considering the scalar system

FTS1:y = —asig" (y) — Bsig"(y) )

where k1 = mlsig”(w’l), Ky = mzsig”(l"y‘), mp>0,0<my<1,a>0, >0 andsighi(y) =
ly|"! sign(y), then the system (7) is fixed-time stable, and the settling time is given as

Trrmee =, min {grm=gin(1+5), s in(1+ ) } ®)
+ min {w(l mz)ln(1+ )ﬁ(m )1n(1+l3>}

«,B,my,my

The following fixed-time stable system is proposed to improve the convergence rate both far
away and close to the equilibrium point.

Theorem 1. Considering the nonlinear scalar system

FTS2: 4 = —2si8™ (2(;)/351'8” (v) ©)

where k1 = my8" Y=Y iy = im0 g > 1,0 <my <1, a >0, B> 0, and sigh1 (y) =
eV—e Y

ly|“sign(y), R(y) = r + (1 — r)tank®(y), tanh(y) = gy T < R(y) <1, then the system (7)
is fixed-time stable, and the settling time is given as

o = (e n( i)
+a,,§§}3f,‘m2{a<13m?>l n(1+5) gy n(1+£) |

Proof. The system (7) can be rewritten as

1
_ —asig™ (y)—Psig™ (y) >1
y —XG) vl = (11)

[ —asig™ (y)—psig"2 (y)
y — tXSZg R(y) 518 Yy , ‘y| < 1
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when |y| > 1, introducing a variable as z; = |y|'™™, and z; = (1 — my)yly|™™ sign(y).
Then the system (11) can be modified as

1 ‘B 1—m1m2

. —DC J— Zl W’z—V”lle
= 12
T—m ! R(y) 12)

Letting o = r;;_mr;:”nfz ,and o < 1, we have
1 . —a — Bz17
zZ1 = (13)
1—m R(y)

Equation (13) represents a first-order nonlinear differential equation. Subsequently,
the equation is rewritten into the following standard form.

dz _m—1
dt  R(y)

(a+pz17) (14)

Subsequently, the above equation can be expressed as follows.

_ 1 R(y)
dt = my — 1 (0{ +‘lev) dZ] (15)

Because lim z; =0,z;1 €(0,1],0 <1,and r < R(y) < 1, then the upper bound of

[y|—+o0
the convergence time of Equation (15) can be obtained as
1 1 R@y) 1 1 R(y) 1o 1
d d
ml—lfo a+ Bz 1< ml—lfo a+ Bz 1< my —1f0 a+ Bz A

B (16)

< 'B(mll_l)ln(l-l-a)

1
Assuming that zq = | y|17@, the upper bound of Equation (11) can be expressed as

ﬁ In (1 + %) When |y| > 1, the conservative convergence time of Equation (11) can
be expressed as
=0 (8 ()]
Th= mn {——~In{1+~),—————In|{1+ - 17
! a,ﬁ,ml,mz{ /S(ml — 1) ( o zx(l — mz) ,B ( )
Similarly, we can obtain the conservative convergence time when |y| < 1.
. 1 o my B
Th= min { —1In 1+>,ln(1+>} 18
2 a,ﬁ,ml,mz{ lX(l — mz) ( ‘3 ,B(ml — 1) o ( )

Therefore, the conservative convergence time of Equation (7) can be expressed as

Trrmax =T1+ T2
= oin, {ma= n(1+£) e n(1+5) (19)
o Lo+ ).y ()
]

Remark 1. If mymy = 0 is satisfied, then Trryqy can be expressed as Trrmax = T ﬁ)("r:fl:T)z(PMZ).

Remark 2. Due to the presence of R(y), the proposed fixed-time stabilized system converges faster
than the existing method [24]. To verify the shorter convergence time of the proposed system in the
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koutl =

S < S - S
G1Gy — G2G3’ "2 7 T GGy — G2Gs’

paper, it is compared with the method [24] by taking m1 =3, m2=0.3,a =B =1,and r=0.5. As
shown in Figure 8, the convergence time of the proposed method in this paper is 0.3088 s, and the
convergence time of the method [24] is 0.4658 s. Moreover, the timed stabilized system proposed
in this paper converges faster than the system given by the method [24] both near and far from the
equilibrium point.

06
0
(0]
Eoaf
Q
O | o e e ]
c | ) s
(0] -
o e
° | . ]
002 s —FTS1T.,__ =0.4658
z /, max
S P —--FTS2T, _ =0.3088
4
0 . . . . .
0 1 2 3 4 5 6
Iy(0)|

Figure 8. Fixed-time stabilization system convergence time.

Under external disturbances, Equation (4) can be further expressed as

we = Uy + Dy (20)
wout =U+ Dy
G G,
where k,; = m/ kep = _m’

G
: Uy = keuy + kepttz, Uz = Kouriti + kour2tt2.

Step 2: Design of a new fixed-time sliding mode controller.

The paper proposes new fixed-time sliding mode surfaces and convergence laws, as
shown below

R 1 P L P
Si=Ei+ Ri(Ei)falslg v (E;) + Rj(Ei)f:BlSlg 2 (Ey) on
Cisig®t (51) + Cisig™ (5)

S‘ p—
! R;(S;)

where S; represents the sliding surface, and S; = [S1 ST E; represents the speed difference
isign([Ei|=1) ; _  jsign(1=[E])
: _ - M , Ko =1y , 1M1
>1,0<my’ <1,a;>0, B;>0,and sig""' (E;) = |E;|V sign(E;), R;(E;) = r; + (1 — r;)tanh?(E;),
1 < R(E) < 1. &1 = my! SZg_n(‘S"lil), €2l = my! SZgn(li‘S"l), ms' >1,0<myl <1, Ci' >0,
Czi >0, and Sigsll(si) = |Si|€1]sign(5i), Ri(Si) =r*+ (1 — ri*)tanhZ(Si), ri* < R(Si) <1,
i=1,2.
Linked to Equations (20) and (21), the fixed-time sliding mode control law for the
PS-HEV mode transition process can be designed as

and E; = [E; EZ]T = [Weg — We Woytg — wout]T- Sk =m

: isigh’ (E; sig (E;
uizwid‘i‘asg(&() )+ﬂ513 (Ei) |

R;(E;

. , (22)
Cisig®1' (S)+Cisig’ (S;)

Ri(5) +h151gn(sl)

where wig = [Weg Woutal”, hi = [h1 h2]", b1 > 1Dy 1,y > 1 D 1.
Step 3: Proof of Stability.



Energies 2025, 18, 4438 12 of 23

Theorem 2. For system (20), if the control input is Equation (21) and there exist k! =

i sign(|E;|-1 i i sign(1—|E;
myl gn(|Ei|-1) . §n( |1‘)/

, Kol = mi>1,0<my <1, a;>0, Bi > 0, with sigKli(Ei) =

|E; \Kl sign(E;), Ri(E;) = +(1—r)tanh2( ), i < R(E) < 1, e/' = ms 'Sign(‘sl‘fl)
el = my' i sign(1=15i) ,myi> 1,0 < m4 <1,C' >0, Col >0, and sig®t' ( i) =1S; |€1 sign(S;),
Ri(S;) = ri* + (1 — rj*)tanh*(S;), ri* < R(S;) < 1,i=1, 2, then the system (19) is fixed-time

stable. The convergence time can be expressed as
Tmax* = Tmaxs':0 + Tmain:O

= omin L1 @), 2 (14 &) )

Ci', Gyl ymat my!

; _Lem _1n(q Ci.) _Limy g (1 Lz)
%;,c?%iif,mf{cl'(lm«) ) G U T e 23)

1 Bi\ __mpt a
+0< ﬁlrrf}}lnmz {ﬁf(mli_l) In{1+ “f)' a;(1-my') ln(l + ﬁz‘)}

i 1 8 my! Bi
i Ay () gy (1 8

a;,Bimyt,my!

Proof. Consider the following function:

1
V= 551'2 (24)
A derivation of the above formula can be obtained as

V. =5S;
—51.(]'51. st (B) | psig? )) (25)

Ri(E;) Ri(E;)

By introducing Equation (23) into Equation (25),

V. =355, | .
_ _Si(Cisigsll(Sliz)izi-sf)ésigsll(si) +h,»sign(8i)> (26)
When |S;| > 1, Equation (26) can be expressed as
Vv = —Si<CiSigm3i(Sil)ajr(gé)sigl/’n4i(si) +hisign(5i))
- —Rf(fl;,,)< ) @) sy @7)
< gl ) - )

According to Theorem 1, the time for the system to reach the sliding mode surface
S; = 0 can be expressed as

i i i
Ts—0.max’ =  min i;.l 1+ =4 ,ZLI 1+ =4 (28)
Cll/CZIImSirméli C2 (m31 - 1) Cl Cl (1 — My ) C2
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Similarly, when |S;| <1, the time for the system to reach the sliding mode surface
S; = 0 can be expressed as

i i
Tsi:O_maXZ =  min %1 1+ & &1 1+ CL (29)
C111C211m3irm4i Cl (1 - m4l) C C2 (m3 - 1) Cl

Therefore, the time for the system to reach the sliding mode surface S; = 0 can be
expressed as

5;=0 _ 1 2
Tinax” - Tsl-zofmax + Ts,- =0_max

=, Jun, i{ws'—l)h‘(” l>'c1(21m%1“(1+q)} (30)

GG ymgt my
. ]+m4i ( C1i) l+TH3i ( Czi
min — __In(1+ L), —2—~<In(1+ =%
T i i { C11(177ﬂ41) + CZI ’ Czl(m:;l*l) - C]I

Ci', Gl ymatmy!

When the system reaches the sliding surface, that is, S; = 0, according to Theorem 1,
the time when the system state E; converges to the origin can be further calculated.

I E-0 _ ai,ﬁﬁf},mzf{@() in(1+8), (14 3 )}

o i L ) iy O 2))

to the origin in a fixed time. The convergence time can be expressed as

(81)

=0 E;=0
Tmax* = TmaxS’ + Tmax !

= omin ol (14 ), 2 (14 G |

Ci', Gyl ymat my

: _limy G\ _Limy G
* man, i{ Ci' (1-my!) ln(l + Cz’)' G (ma'-1) ln<1 - Cll)} (32)

Ci',Cot ymst,my
g, A (1 £) 5 (1m)1“(1+2’)}
+«z,ﬁ,r,nmlflmz{ﬂw(1)ln(1+g'> Bl )1“(1+’3)}

Since h; is an upper bound on the absolute value of the disturbance and the disturbance
is difficult to measure through the sensor, it is necessary to design the disturbance observer.

Therefore, the new fixed-time dynamic coordinated control law in the PS-HEV mode
transition stage can be expressed as

u o
Uz

4.2. Fixed-Time Extended State Observer Design

-1
0]
U,

ka ke

33
koutl kaut2 ( )

By designing an observer to observe the interference, k; is replaced. The disturbance
observation is realized and the conservatism of the control law is further reduced. Ac-
cording to ref. [25], the fixed-time extended state observer for system Equation (20) can be
expressed as

A

@ kelul + kepttn + Dl + p15ig S (t) + 15igh1o(t)

(34)
= p2sig™d(t) + 72sig?28(t) + mytanhd(t)
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Cbout = kouritt1 + Kourptio + D2 + HsSigC15(f) + ')/3Sigd]5(t)

; (35)
Dy = pasig26(t) + yasig™6(t) 4 natanhs(t)

where a; € (0,1), b; € (1,400),c; € (0,1),d; € (1,400), and i = 1, 2 satisfy the recurrent
relationsa; = ia — (i —1),b; =ib— (i —1),c;=ic— (i—1),d; =id — (i—1),a=1—1,
b=1+1y,¢=1—1I3,d =1+ I, with constants that are small enough: [ >0,1,>013>0,
Iy > 0. n > HDl
following matrices are Hurwitz.

SN Rt ST IR ks GU ) ERSPRR y S W o IR Bt O
(Pl - [ﬂz 0]/4’2 - [72 0]/¢3 - lﬂz 0 /(P4 v 0 .
The following error differential equation is established by combining Equations (34)
and (35):

;M2 > H D, H Observer gains ¢1, ¢2, ¢3, and ¢4 are assigned to ensure the

& =&y — usigh(t) — misigho(t) (36)
¢y = Dy — 1ipsig™8(t) — y25ig™0(t) — yrtanhd (t)

éiut = égut - }43Sig615(t) - 73Sigd15(t) (37)
ég”t = Dy — gsig®26(t) — 45ig™25(t) — yatanhd (t)

where & = W, — e, € = D1 — D1, &]" = @out — Gout, 5" = Dy — Dy
The design of the fixed-time state observer for both the engine side and the output
shaft side is similar. Therefore, it is sufficient to prove fixed-time stability for only one side.

Theorem 3. Consider the system Equation (20) with the engine-side observer Equation (34) and
the error estimation system Equation (36). The state of the error estimation system will converge to
the origin within a fixed time. The observer’s state Equation (34) will converge to the actual value
within a fixed time.
)\llmax<01> + 1
Y1l $alall2
where Y1 = Ayin(Q1)/ Amax(Q1)and o = Apin(Q2) / Amax (). The positive constant
¢ < Apin(Q2).Q1, Qo, O, and Q) are nonsingular, symmetric and positive definite matrices
satisfied by Py + P1TQ = —Qq, QpPa+ Py T (= — Q.

TrrEso < (38)

Proof. According to ref. [26], the convergence of the observation error to the origin within
a fixed time can be divided into the following two steps:

First, define the following error system:
¢ = & — uisigé(t) — misighé() 39)
¢y = Dy — uzsighd(t) — y3sigho(t)

According to Theorem 2 in ref. [27], the state of the error system will converge to the
origin within a finite time. [J

Furthermore, according to Theorem 1 in ref. [26], once the state of the error system
reaches the origin at the fixed time T4, i.e., ¢{ = 0, and after the fixed time T1, it holds that
e5 = ¢f = 0. This implies that the following equation always holds:

¢y = Dy — yytanhd () = 0 (40)
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5. Simulation and HIL Test Results

5.1. Simulation Results

To verify the effectiveness of the NFT-DCCS control strategy proposed in this paper,
the PS-HEV mode transition transient model and mode transition controller are built in
Simulink. To verify the superiority of the control strategy proposed in this paper, it is
compared with the disturbance compensation strategy (DC-DCCS) [17] and the switch
model predictive control strategy (SPMC-DCCS) [28]. The specific parameters are shown
in Table 2.

Table 2. Specific parameters of NFT-DCCS.

Parameters Value Parameters Value
A 0.1 my! 1.1
ap 0.1 myl 0.3
B1 0.1 msl 1.1
‘Bz 0.1 H141 0.5

Cit 0.1 12 1.1
Co! 0.07 ny? 0.5
Ci? 0.1 ms> 1.1
Cy? 0.1 my? 0.5
1 0.5 1’1* 0.5
o) 0.6 ro* 0.6
U1 100 Y1 200
U 70 Y2 100
U3 100 Y3 200
Ha 50 Ya 80
71 2 12 0.5
a 0.7 b 1.3
c 0.9 d 1.1

Specifically, to select appropriate controller parameters and ensure satisfactory control
performance, the integral of absolute error (IAE) [29] is employed for sensitivity analysis, as
illustrated in Figure 9. Figure 9a presents the IAEs of engine speed tracking under varying
sliding surface parameters in the fixed-time terminal sliding mode controller. It is worth
noting that the output shaft speed tracking exhibits a similar trend to engine speed tracking
and is therefore omitted here. Parameters a1 and B denote the gain coefficients of the
sliding surface. Larger values of #; and f; yield smaller IAEs, indicating faster and more
accurate tracking. m1! and mj! represent the high- and low-order exponents of the sliding
surface, which govern the convergence rates when the absolute tracking error is greater
than or less than 1, respectively. Increasing m;! leads to a smaller IAE, reflecting enhanced
convergence speed, whereas decreasing m;! can also improve convergence.

As shown in Figure 9b. C;! and C,! are the gain coefficients of the reaching law.
Larger values of C1! and C,! similarly result in smaller IAEs and faster, more precise speed
tracking. Parameters 3! and m4! are the high- and low-order exponents in the reaching
law, governing the convergence rate when the absolute sliding surface value is greater than
or less than 1, respectively, with effects analogous to those of mll and mzl. Finally, r and
r* are tuning coefficients for the proposed R(E) and R(S). Smaller values of r and r* yield
smaller IAEs, thereby enhancing controller performance.
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Figure 9. The IAE of different parameters for speed tracking.

It should be emphasized that controller parameters cannot be arbitrarily large or small;
excessively large or small values may cause the desired control input to exceed the actuator
limits, ultimately degrading control performance.

Figure 10 compares the vehicle speed, engine speed, and motor torque responses of
NFT-DCCS, SMPC-DCCS, and DC-DCCS under step, sine, and noise disturbances. As
shown in Figure 10a, the PS-HEV achieves satisfactory vehicle speed tracking with all
three strategies across different disturbance types. Figure 10b presents the engine speed
responses. In pure electric mode, the engine remains turned off. During the transition
phase, it is brought to idle speed. In hybrid mode, it operates at an economical speed.
The results show that NFI-DCCS enables the fastest engine speed tracking, achieving a
quicker transition through the MTP phase into hybrid mode, followed by SMPC-DCCS
and DC-DCCS. Figure 10c,d display the output torques of MG1 and MG2. In both pure
electric and hybrid modes, the motors maintain stable output and adjust torque during the
MTP phase to support engine start-up and output shaft speed tracking. Thanks to its rapid
convergence both near and far from equilibrium, NFT-DCCS consistently delivers higher
torque output, as clearly seen in the figures. Moreover, its performance remains unaffected
by disturbance type, demonstrating strong robustness. Figure 10e,f illustrate the mode
transition time and jerk during the shift from pure electric to hybrid mode. In Figure 10e,
Mode 1 corresponds to the pure electric mode, Mode 4 to the hybrid mode, and Mode 2
to the transition phase. Mode transition time remains constant across disturbance types
for all strategies. With NFT-DCCS, the transition takes 0.2 s—16.6% shorter than FT-DCCS
(0.24 s) and 50% shorter than DC-DCCS (0.4 s)—primarily due to the superior dynamic
performance of the proposed fixed-time sliding mode control law. Figure 10f shows the
jerk values under disturbances. NFT-DCCS achieves 5.8 m/s® under step disturbance
and 5.0 m/s® under the other two cases. SMPC-DCCS peaks at 7.5 m/s® under noise
disturbance, while DC-DCCS reaches 12.4 m/s® under step disturbance.
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Figure 10. Power source speed, torque, and evaluation indicators.

In conclusion, these results confirm that NFT-DCCS combines fast convergence with
strong disturbance rejection capability.

In addition, Figure 11 has been added to illustrate the estimation performance of the
ESO and the proposed FTESO under step disturbances, time-varying sinusoidal distur-
bances, and white-noise disturbances. Specifically, as shown in Figure 11a, the proposed
FTESO exhibits a faster convergence rate and higher estimation accuracy compared to the
ESO. Specifically, the estimation error of the ESO converges within 0.09 s, whereas the
FTESO achieves convergence in only 0.05 s, representing a 44.4% reduction in convergence
time. At the onset and cessation of the disturbance, the ESO shows pronounced estimation
errors, while the FTESO maintains significantly smaller errors. Figure 11b demonstrates
that under time-varying sinusoidal disturbances, the FTESO continues to outperform the
ESO in both accuracy and response speed. The maximum estimation error during switch-
ing is only 0.23 Nm for the FTESO, compared with 0.61 Nm for the ESO. As illustrated in
Figure 11c, under white-noise disturbances, the FTESO likewise achieves smaller estimation
errors and faster convergence than the ESO.

Overall, the proposed FTESO consistently delivers superior estimation performance
across various disturbance scenarios. It should be noted, however, that the observer relies
on the mathematical model of the system for state reconstruction; thus, parameter mis-
matches may cause persistent deviations in the estimated states. Furthermore, appropriate
filtering of the state variables is required to mitigate the amplification of noise caused by
high observer gains. For extreme or special operating conditions, the PS-HEV has more
stringent requirements for mode switching time, necessitating a switch within a very short
period. Fixed-time control cannot adjust to these real-time demands. In future work,
we will consider the adaptability of mode switching conditions and design an adaptive
PS-HEV mode switching strategy applicable to all operating conditions.

Furthermore, to evaluate the applicability of the proposed control strategy under
various driving conditions, the NEDC cycle was selected as the reference speed for com-
prehensive validation, as illustrated in Figure 12. The figure not only depicts the tracking
performance of the entire vehicle under NEDC driving conditions but also presents the
jerk values at the five switching instants. Throughout the entire NEDC driving cycle,
only five transitions from pure electric mode to hybrid mode are required. Moreover,
the results indicate that in all five transitions, the maximum jerk remains below 4 m/ s3,
which convincingly demonstrates the feasibility and superior performance of the proposed
control strategy.
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Figure 12. Mode transition process under NEDC.

5.2. HIL Test Results

Furthermore, to verify the real-time performance of the control strategy presented in
this paper, an HIL test platform as shown in Figure 13 was set up. The HCU-HIL testing
system comprises two main components: a test cabinet housing the main power switch, a
D2P controller, and an NI real-time simulator, and a host computer running NI Veristand
testing software and the MotoHawk development platform. The testing procedure begins
by dividing the Simulink model into a vehicle model and a controller model, followed
by discretization of both. The I/O ports of the vehicle model are then replaced with NI
Veristand interfaces and compiled into a DLL. The controller model is compiled in the
MotoHawk platform and downloaded to the D2P controller. The vehicle model DLL
is subsequently loaded into NI Veristand, with network settings adjusted to place the
real-time target and host computer on the same subnet. Finally, the model and controller
I/0O ports are mapped using a CAN DBC file, enabling closed-loop signal transmission
via Ethernet.

MotoHawk NI Veristand HCU-HIL
| FT-DCCS/FTESO | | PS-HEV model |
ower swil .
| i | { ______ '
! Connect to the CAN | ] :| I/O connection ! ,
! ) |
] 1 R = |
1 o N i| Compile into |
1| Compile into dll file | ! || : BOB /
i iL__dilfile | distribution box

¢ PC ¢ Kavser

7P| connection line | ~
Hardwired interface !
__settings _ "L -
i DBC ! D2P Controller [~
i PR N === i e
’ CAN signal : ! CAN !
i| interface settings |1 ——-1m
t 7/
i _CAN Mes_s"_lge i 1"| [ NI Rea-Time s
i Signal Definition : <} --- S

Figure 13. HIL test platform.

From the HIL test results shown in Figure 14, the three control strategies exhibit
similar behaviors under different disturbance conditions as in the simulations, thereby
validating the feasibility of the proposed control approach. Compared with the simulation
results, the jerk values in the HIL tests are slightly higher, primarily because the HIL
experiments employ an in-vehicle grade controller, whose operating environment and
configuration differ from those in simulations. Nevertheless, under all three disturbance
scenarios, the proposed NFT-DCCS not only ensures smooth mode transitions of the PS-
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HEV but also maintains superior control performance. Specifically, the jerk values and
mode transition times are both lower than those of the other two controllers. Overall,
the designed NFI-DCCS satisfies the computational constraints of the in-vehicle grade
controller while delivering outstanding control performance.
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Figure 14. Engine speed, mode, and jerk.

6. Conclusions

To address the mode switching challenge in PS-HEVs, this study proposes a fixed-time
dynamic coordination control strategy and demonstrates its fixed-time stability. Specif-
ically, a control law with strong disturbance suppression capability is developed based
on a novel fixed-time sliding mode surface and reaching law, enabling faster convergence
and improved robustness. Furthermore, a fixed-time extended state observer is integrated
for real-time disturbance estimation, thereby reducing the conservatism of the control
law. Simulation results confirm that the proposed strategy can effectively suppress distur-
bances and significantly enhance mode switching performance. Future work will focus on
extending the proposed approach to address more complex operating conditions, develop-
ing higher-performance mode transition control strategies, and validating the proposed
method through bench testing platforms or real vehicle experiments.
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