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ABSTRACT Due to the friction-induced discontinuity of the clutch torque and ICE on/off, seamless mode
transition of hybrid electric vehicles (HEVs) is difficult to achieve, which has a bad influence on the vehicle
ride comfort. In the face of system uncontinuity and strong nonlinearity during mode switching with ICE
starting, a control strategy of torque dynamic coordination is proposed by means of sliding mode control
based on disturbance compensation. Firstly, the steady-state and transient models of parts and working
modes are built, which improves modeling accuracy and adaptability to transient driving cycle. Furthermore,
the switching process from pure electric driving to hybrid driving is divided into three phases including
internal combustion engine (ICE) starting, speed synchronization and torque redistribution. The design of
according disturbance observer and sliding mode controller is described in detail. Lastly, compared with
other two control strategies, the rationality and validity of the control method designed are testified not
only by computer simulations but also experimental tests under the comprehensive driving cycle of local
passenger vehicles. The potential of the proposed control strategy in terms of power transfer smoothness
and improving riding comfort is illustrated.

INDEX TERMS Hybrid electric vehicle (HEV), coordinated control, sliding mode control, mode switching.

I. INTRODUCTION

It is now widely accepted that the development of hybrid
electric vehicles (HEVs) is a promising short term solution
to better fuel economy and emissions without compromising
vehicle performances [1]-[3]. Instead of having one power
source, HEVs have two or more power sources that can
act independently or in combination. As a result, HEVs
should make transitions between different modes to achieve
an optimal power distribution [4], [5]. During the mode
switching, particularly the mode switching with the internal
combustion engine (ICE) starting, such as from pure electric
driving mode to ICE or hybrid driving mode, clutch engage-
ment/disengagement and ICE on/off cause torque disturbance
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to the drivetrains and increase the vehicle jerk, which is
uncomfortable to passengers [6]-[8]. Therefore, it is very
important for HEVs control to ensure smooth vehicle oper-
ation during the mode transition [9]-[11].

Various mode switching methodologies have been applied
to HEVs dynamic coordinated control. These proposed meth-
ods include online estimation of the ICE speed [12], [13],
model predictive control (MPC) [14], [15], disturbance com-
pensation [16], [17], and so on.

Based on the difference of torque response time between
the motor and the ICE, the first method estimates the ICE
speed on-line and thus controls motor torque in real time
to compensate the ICE torque delay. Tong [18] established
average value model of a gasoline engine to achieve real-
time estimation of the ICE torque. According to the ICE
transient speed, Li et al. [19] built ICE torque feedback,
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which was applied to HEV dynamic coordinated control
successfully. Yan, et al. [20] founded the ICE dynamic
model based on neural networks in which three parameters
including the ICE speed, throttle opening and its change rate
were regarded as inputs. These studies all partly improve
the ride comfort and reduce the fluctuations of the output
torque during mode transition, but there are some prob-
lems such as modeling complexity, poor real-time and high
requirement for equipments control accuracy during mode
transition.

The second approach is realized through strategies of
multi-step tests, online rolling optimization of performance
indices and feedback correction. Koprubasi et al. [21]
designed a mode transition controller for a parallel HEV with
the switched theory of hybrid dynamical systems to reduce
vehicle longitudinal impact. Zhao et al. [22] established main
parts models and switching models between different modes
and then proposed an undisturbed control strategy. These
studies proved that MPC can reduce the modeling errors
and uncertainties of structure, parameters, and environment.
In a word, MPC is known for its simplicity of considering
constraints and good robustness and stability. Yet, MPC isn’t
fit for steady systems and it’s difficult to identify system
model online.

The third method estimates a disturbance variable of the
ICE torque ripple on-line by using a disturbance observer
and thus betters the vehicle drivability. Kim, et al. [23]
developed a model transition control using a disturbance
observer for a parallel HEV, where time-dependent param-
eters in the powertrain model were identified in real time
to improve the control system robustness. Kim et al. [24]
evaluated external disturbance through transfer function and
then took into account parameter uncertainties. According
to these, a control method of clutch sliding was presented
based on interference compensation, hence the ride comfort
during mode switching was improved. To a certain extent,
these studies all promote control accuracy and enhance the
vehicle drivability, but nolinear and uncertainty aren’t taken
into consideration [25], [26]. It’s necessary that this method
be combined with other control approach like sliding mode
control.

The recent researches indicate that there are larger torque
fluctuation and vehicle jerk for mode switching with ICE
starting than that without ICE starting. Thus, this paper
mainly studies mode switching with ICE starting.

As to mode switching with ICE starting, there are
uncontinuity and strong nolinear in HEV due to clutch
engagement/disengagement. Sliding mode control has typ-
ical adaptability and robustness, so this paper adopts slid-
ing mode control based on disturbance compensation to
study the control strategy, which increases system robust-
ness and improves power transfer smoothness in switching
process.Then, this paper takes into consideration uncertainty
and error of the system model that is regarded as other
disturbances. Furthermore, the switching process from pure
electric driving to hybrid driving is divided into three phases
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according to the state of the clutch and ICE and control target,
which is beneficial to design more rational control strategy.
Lastly, this paper not only establishes the steady-state models
of parts and working modes, but also their transient models,
which improves modeling precision and adaptability to tran-
sient driving cycle such as mode switching.

The remainder of this paper is organized as follows.
Section II introduces an architecture of the HEV. Section III
then presents the design of steady and transient models
for parts and mode switching. A control strategy of torque
dynamic coordination is described in Section IV in detail.
Control method validation and results analysis are dis-
cussed in Section V. Section VI highlights this paper’s key
conclusions.

Il. VEHICLE ARCHITECTURE

The architecture diagram of the HEV is shown in Fig. 1. The
ICE is firstly torque coupled by the ISG through fixed axis
gears mechanism, whose output is then speed coupled by the
electric motor (EM) by way of planetary gears mechanism
to finally drive the vehicle via the driving axle. Thus, the
vehicle architecture belongs to a hybrid electromechanical
coupling scheme which can both realize separate control to
two speeds and two torques of power sources. Three clutches
and two brakes are added so as to ensure that multi-source
of power can work independently or together. Thus, more
working modes are achieved. The ICE, ISG, EM and batteries
all have respective controller, which is in the control of the
vehicle controller.

Ill. HEV MODELING

A. MAIN PARTS MODELING

1) ICE MODELS

Not only the steady model but also the transient model is built
in this paper.

The ICE steady model is established based on the steady-
state test data of the ICE. By bench test, the efficiency map
of the ICE on the speed-torque plane is obtained and shown
in Fig. 2, which can be used to account for the energy man-
agement strategy based on ensuring the ICE working in high
efficiency region.

The transient models of the ICE are obtained from basic
physical and thermodynamic principles.
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FIGURE 2. ICE steady operating efficiency map.

The crankshaft rotational dynamics is obtained from the
Newton’s law.

Tlcee = I( nlce) = lcel — Licef — Tice,l (1)

where Tice is the effective torque of the ICE, [ is the inertia
moment of the crankshaft, Tic; is the indicated torque of the
ICE due to the gas pressure torque, Tice f is the friction torque
of the ICE, Ticc is the load torque of the ICE. It is noted that
Tice,i 1s the output required for the ICE dynamics, and Tice f
is subtracted from the instantaneous indicated torque value
to produce the brake torque at the shaft. Subsequently, Tice |,
which is the result of external loading imposed on the ICE
by the vehicle or the dynamometer, is subtracted from the
brake torque and the net value is passed to the ICE dynamics
sub-model.

The inertia moment of the crankshaft 7 is divided into
the fixed inertia of the crankshaft (flying wheel) It and the
variable inertia /, due to the crankshaft angle 6, which is
expressed as follows.

I =1+ 1,(0) )

The variable inertia /y is the result of the reciprocating and

rotating motion of crankshaft mechanism. The Lagrangian

equation governing the instantaneous inertia for four cylin-
ders may be written in following form [27]

I,(0) = 2er2(1 — cos(20)) + 2 (1 —cos(460)) (3)

where m; is the reciprocating mass of crankshaft, R is the
crank radius, and L is the connecting rod length.

For in-line ICE, the indicated torque Tic; is expressed as
below.

”Z” Pij(0, tie, $)T D’R

ne

Tice,i -

j=1
-sin(@ — o)[1 + ILfcos(e —aj)] “4)

where p;j is the gas pressure in the j-th cylinder, n. is the
number of the cylinders, and ¢; is the angle phase for the j-th
cylinder.
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Davis and Lorenz [13] proposed a method of calculating
individual cylinder pressure waveforms p;; at any njce and
any ¢ as follows.

2

V(©) = Vq+ ﬂ(R + L — Rcosf —+/L? — R%sin20) (5)
Va + Vc
Pe(0) = pm(——— Vo) ) (6)

where V(0) is the cylinder dynamic volume, Vy is the cylinder
displaced volume, D is the cylinder bore diameter, p(6) is the
motoring prototype waveform, pp, is the manifold pressure,
V. is the cylinder clearance volume, and e is the exponent
representing the isotropic expansion.

Pij(0, nice, @) = pc(0) - c1(nice)

+ Ap(0) - ca(nice, @) + po(nice)  (7)

where c| is a scaling factor that is a function of njc. and can be
founded from experimental motoring data, Ap(6) is the firing
prototype waveform, c; is a scaling factor that is a function
of njce and ¢, po(nice) is the offset pressure.

In a word, firstly, from Egs. (5-7), p; j can be estimated from
pm roughly. Then, Tic. ; is got by substituting p; j in Eq. (4) and
I is acquired from Egs. (2-3). Lastly, the dynamics model of
the ICE is obtained by substituting p;; and I in Eq. (1).

2) EM AND ISG MODELS

The EM and ISG are both permanent magnet synchronous
motors controlled through direct torque. Because reaction
time of the motor is much faster than that of the vehicle and
other parts, it’s only necessary to establish steady model of
the motor.

Similar to the ICE, the efficiency maps of the motor are
achieved by fitting. The motor characteristic is based on the
efficiency data obtained from experiments. Fig. 3 shows the
efficiency map of the motor on the speed-torque plane.

Seen from Fig. 3, the EM efficiency is poor under low
torque and low speed, yet the ISG efficiency is higher. Thus,
the ISG can work alone as a substitute for the ICE or EM
when the velocity or demanding torque of the vehicle is small.
Accordingly, powertrain efficiency is raised.

3) BATTERY MODEL

Li-ion battery is selected as energy storage mechanism. Its
model is simplified as the circuit system in which an ideal
voltage source is in series with an equivalent internal resis-
tance. In charging or discharging condition, the relationship
and value of the equivalent internal resistance Ry, and the open
circuit voltage U,. can be interpolated by the constructed
table.

The battery efficiency is greatly relative to its remaining
electricity, which is represented by state of change (SOC).
The tests show that the battery efficiency is approximately
90% if SOC locates between 0.35 and 0.75. Because the
battery in HEVs is not designed to be charged from the grid,
the energy in the battery should be supplemented to avoid
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FIGURE 3. The motor steady operating efficiency map.

the damage [28], [29]. Thus the control strategy should try to
maintain SOC in its optimal range [30].
The battery SOC can be predicted by the following

equation.

T .
ipdt
SOC = SOCy — fTO—
Gy
soc f Uoe — (U2, — 4R, Py)'/%dt g
= 0 — 2Rb C ()

where SOCy is the initial value of the battery SOC, Ty is
the initial value of the time, iy, is the charging or discharging
current, Cy, is the total capacity, and Py, is the effective power
of the battery.

B. MODELING OF WORKING MODES

By using of a hybrid electromechanical coupling mechanism
shown in Fig. 1, the HEV can accomplish twelve working
modes. According to working modes division and power flow
analysis, bond graph models in every operating mode are
built under Matlab / Simulink / BondHEV, which provide
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FIGURE 6. The bond graph model in pure electric driving 3.

simulation models for the HEV dynamic coordinated control.
For this paper mainly studies mode switching with ICE start-
ing, bond graph models in pure electric driving, ICE driving
and hybrid driving are just given.

1) MODELING IN PURE ELECTRIC DRIVING
According to working mode division, there are three modes
of pure electric driving owing to three power sources.

The EM works alone, yet ISG and the ICE don’t operate in
pure electric driving 1 whose bond graph model is shown in
Fig. 4.

In Fig. 4, St is input, Cer, is the flexibility of EM rotating
shaft, I, is the inductance of exciting coil and armature coil in
EM, R, is resistance of exciting coil and armature coil in EM,
I; is the inertia moment of EM rotor, Ry, is the damping loss
of EM bearings, k is the characteristic parameter of planetary
gears mechanism, subscript wh is the wheel, Se; is output.

The ISG works alone, yet EM and the ICE don’t operate in
pure electric driving 2 whose bond graph model is shown in
Fig. 5.

In Fig. 5, Cisg is the flexibility of ISG rotating shaft, I o is
the inductance of exciting coil and armature coil in ISG, Rco1
is resistance of exciting coil and armature coil in EM, I is
the inertia moment of EM rotor, Ry is the damping loss of
EM bearings, Kg is the ratio of fixed axis gears mechanism.

The EM and ISG work together, yet the ICE doesn’t oper-
ate in pure electric driving 3 whose bond graph model is
shown in Fig. 6.
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FIGURE 8. The bond graph model in hybrid driving 1.

2) MODELING IN ICE DRIVING
The ICE works alone, yet the EM and ISG don’t operate in
ICE driving whose bond graph model is shown in Fig. 7.

In Fig. 7, C. is the flexibility of ICE output shaft, I is the
inertia moment of ICE, R is the damping of ICE.

3) MODELING IN HYBRID DRIVING
According to working mode division, there are three modes
of hybrid driving owing to three power sources.
The ICE and EM work together, yet ISG doesn’t operate in
hybrid driving 1 whose bond graph model is shown in Fig. 8.
The ICE and ISG work together, yet EM doesn’t operate in
hybrid driving 2 whose bond graph model is shown in Fig. 9.
The ICE, EM and ISG work together in hybrid driving 3
whose bond graph model is shown in Fig. 10.

IV. DESIGN OF DYNAMIC COORDINATED

CONTROL STRATEGY

As to mode switching with ICE starting, there are
uncontinuity and strong nolinear in HEV due to clutch
engagement/disengagement. Sliding mode control has typical
adaptability and robustness [31], so this paper adopts sliding
mode control based on disturbance compensation to study the
control strategy.

The torque response time of the motor is much faster than
that of the ICE, so switching between two motors has a small
influence on ride comfort [32]. Therefore, this paper doesn’t
discuss switching between pure electric driving modes, that
is to say, EM and ISG are regarded as a motor below. Take the
mode switching from pure electric driving to hybrid driving
for an example, the design process is as follows.
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The flow chart of the dynamic coordinated control is shown
in Fig. 11. According to the driver intention and driving cycle
signals, the energy distribution control strategy is responsi-
ble for optimal energy distribution among multiple power
sources under the steady-state driving cycle (such as in some
working mode). Yet, the dynamic coordinated control strat-
egy is used to ensure power transfer smoothness under the
transient driving cycle (such as during different mode switch-
ing). Meanwhile, the energy distribution control strategy
provides the target torque in every mode and mode switching
condition for the dynamic coordinated control strategy. The
energy distribution control strategy isn’t discussed in this
paper any more and seen in [33] for details. In the following,
the design of the dynamic coordinated control strategy will
be described in detail.

A. MODE SWITCHING PRINCIPLE
Mode switching principle is shown in Fig. 12.

In Fig. 12, ¢ is the switching signal, i = 1,2, 3 is the
phase symbol of ICE starting, speed synchronization and
torque redistribution respectively, SMC is the sliding mode
controller, DOB is the disturbance observer, d is the other
disturbance that isn’t observed by the disturbance observer,
such as uncontinuity and error of the system model that aren’t
usually taken into account in present researches.
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Seen from Fig. 12, according to the state of the clutch
and ICE and control target, the switching process from pure
electric driving to hybrid driving is divided into three phases
that include ICE starting, speed synchronization and torque
redistribution. Firstly, the system current phase is judged by
switching rules and parts real-time torque/speed. Secondly,
the according DOB and SMC of each phase are designed. The
system input is adjusted by DOB estimate, and the sum of
DOB estimate and the other disturbances (d) is compensated
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Mode switching end?

power transfer
smoothness

by SMC to achieve smooth switching. Lastly, main parts
including the ICE, motor and clutch are controlled by accord-
ing controller so as to accomplish mode switching.

B. MODE SWITCHING RULES

The brake I in Fig. 1 is used to accomplish more working
modes for the energy distribution control, whose working
state is described in detail in Reference [33]. Because this
paper mainly discusses the mode switching, the brake I is
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supposed to be always released. Moreover, this paper doesn’t
discuss switching between pure electric driving modes, that
is to say, EM and ISG are regarded as a motor. In this way,
simplified structure of HEV powertrain in Fig. 1 is shown
in Fig. 13 to take into account elastic constant and damping
coefficient of each part.

In Fig. 13, J1, J> and J3 are the effective inertia moment of
the ICE side, EM side and the wheel side respectively, by, by
and b3 are their damping coefficient respectively, él, éz and
ég are their angular speed respectively, Jice, Jem, Jw, Jg and
Jo are the inertia moment of the ICE, EM, wheel, planetary
gears and driving axle severally, Je. and J.y are the clutch
inertia moment of the driving disc and driven plate, Tice, Tem,

TABLE 1. Rules of the mode switching.

T, Ty and T, are the torque of the ICE, EM, clutch, and load
severally, by and ko are the damping and elastic coefficient of
the driving axle, iy and ij are the gear ratios of the planetary
gears and main reducing gear.

Every phase state, control target and switching rules are
shown in Table 1 during mode switching, which develops the
basis for design of the sliding mode controller.

C. DESIGN AND STABILIZATION PROOF OF THE SLIDING
MODE CONTROLLER

1) ICE STARTING PHASE
In this phase, ICE angular speed goes through from 0 to
Bice.idle- ICE acts as the system load, that is, 6 isn’t equal to

6,. Here HEV dynamics equations are expressed as follows.
]lél + blél = Tc - Tice,sta +f1

Joby + b26y = Tem /iy — To/igio — Tc + 1>
J303 +b303 =To — TL + f3

&)

where fi(i = 1, 2, 3) is model uncertainty.
Here d; includes Ticesta and f1, and control law u; of
the sliding mode controller is equivalent to 7., which are

Number Mode switching phase Switching rules Target state ICE state EM state Clutch state

1 ICE starting phase 0 < 01 < bicejiate&Te > Ticesia 01 = bice.idle starting Electric driving slipping

2 speed synchronization phase éice,id]e < 91 < 92&0 < T < Ticemin 91 = ég working Electric driving slipping

3 torque redistribution phase 6, = 6 &Treq > Tice,max Tice + Tem = Treq working  Electric driving  engagement
&Tice 7£ Tice,req &Tice — Lice,req

Note: éice,id]e is the ICE idle angular speed, and Tjcc sa is the ICE starting resisting torque, Tice min and Tice max are the ICE minimum and maximum working
torque,Treq is the input torque required for the planetary gears, Tice reqis the ICE requiring torque.
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calculated as below.

dl = _Tice,sta +f1 (10)
up = Tc (11)

Bice.idle 1s regarded as target value of this phase, tracking
error e] and state variable x are calculated as following.

e] =061 — Ql,req (12)

xt =el, xp=2& =0 —0req (13)

where 6 .req 18 requiring angular speed of this phase.
Assuming ky = —b161 req/J1, State equation is as below.

I:x-l :| 0 1 x| 0

. = by |: i| + 1 Ui
0o - —

X2 7 X2 7

0 0
+] 1 th+[k} (14)
- 1
J1
Switching function s; of the sliding mode controller is
supposed to compute as follows.

s1 =cie; +é1 (15)

where ¢ is positive constant.
Both sides of Eq. (15) are differentiated by time and
Eq. (14) is substituted in Eq. (15). The result is this.

by 1 1
§1=cre] — —x2+ —ug + —d +k 16
1=cae =gt gt pdith (16)
where u; is the sliding mode controller.
The saturation function substitutes for sign function to
reduce system dithering, which uses exponential approach
law.

§1 = —eysat(sy) — o181 a7

where sat(s1) is the saturation function.
sat(s1)is counted as below.

[s1] > ¢
Isil <¢, >0, a1 >0, 1 >0
(18)

s1/1s1l,
sat(sy)= 1/1s1]

51/,

From Egs. (16 - 18), the sliding mode controller is
obtained.

ust = bixp —dy — Jilcre1 + eysat(s)) + o151 + k1] (19)

If the sliding mode controller is adopted alone, the system
dithering is enhanced for the gain is too large. Therefore, the
sliding mode control should be combined with interference
compensation to lessen the gain. In consideration of the error
between actual model and nominal model, d; is rewrote as
this.

. J
dj = dy + @ = by + U — Ik + (= D 20)
1
where superscript n is nominal model.
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From Eq. (19), d{ includes d; and the error of system
model, and then the state equation is rewrote as below.

] 0 0 / 0
X2 —  —— X2 — ki
Ji J1 J1

The disturbance observer is designed as following to esti-
mate d;.

X 0 0 A 0
|:?1£:| = 1 bl [€{:| + 1 u
% — —— |l
0 K “
+|:kl]+|:K2][x2—x2] (22)

where cAll’ and X are the estimated values of d{ and x, K| and
K> are gains through pole assignment.

The sliding mode controller based on interference compen-
sation is devised as this.

) =g +d| (23)
In a word, the sliding mode controller in ICE starting phase
is this.
uy = bixp —di — Jilcie1 + e1sat(sy) + o151 + k] + cAii
(24)
Stabilization proof of the sliding mode controller is shown

as below.
Proof: Constructed Lyapunov function is this.

V=V1+V2=1s%+ ! &{2+li§ (25)
2 2J1K, 2
where
Vi= %S%
= _aryle
2J1Kq 2 (26)

4y =dj —d|
)~Cé =Xy — xAz
Both sides of Eq. (25) are differentiated by time and Eq.
(17) is substituted in Eq. (25). The result is this.

Vi = s181 = —ailsi| — Bist <0 27)
. 1 -,z s
V2= m {dl/-i-Xsz
1 -~ . X . .
= s —dD) + Bl — ) (28)

X2, cAl]’ and );cz in Egs. (21-22), and d{ = 0 are substituted in
Eq. (28). The result is this.

. 1o, . 1~ by, -
Vo = —Ed{xz +x2[J—ld1/ - Em — Kaxy]
by <2
= (—— — K2)¥%5 (29)
Ji

) When K7 > 0 and K, > —b1/J1, V2 < 0. Furthermore,
V1 < 0 from Eq. (27). V is nonincreasing function, that is, s
and x; are bounded, so ¢| and tracking error e are bounded.
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These ensure that s; and e are asymptotically stable. In a
word, it is testified that the control law designed could ensure
system stability, and ICE reaching idling speed and finishing
starting.

2) SPEED SYNCHRONIZATION PHASE

In this phase, ICE angular speed goes through from G'ice,idle
to synchronous speed in the aid of EM. The clutch is still in
slipping state, that is 61, isn’t equal to 6,. Here HEV dynamics
equations are expressed as follows.

J161 + b16) = Tice + T + fi

. . T. T
Dby +bafy = =2 — 22 T4y (30)

ig igio
J303 + 0303 =To —TL + /3
Owning to delay of ICE dynamic response, there is devi-

ation Tice err between its actual output torque Tice and torque
required Tice req-

Tice,err = lice,req — Tice (31)

Here, d> consists of ICE speed error and model uncertainty.
The dynamics equations at driven plate side of clutch are
expressed as follows.

J161 + b10y = Ticereq + U2 + da (32)
where
dr = _Tice,err +f1 (33)
uy =T,
EM speed is set as target value of this phase.
Gé’req =6 (34)
where éé req is speed required of this phase.

So, tracking error e, and state value x are these
respectively.

e = 61— 0} g (35)
xi=e, x=é&=00—0), (36)

Switching function s, of the sliding mode controller is
supposed to compute as following.

s2=cre2+ e 37)

where c; is positive constant.
Like dj, d} also includes d> and the error of system model,
and its equation is as below.

J
dy = dy + (B = by + Uf = Ik + (G = Dz (38)
1

Supposing ky = =6 .. = b16} o /1 + Ticereq/ 1, distur-

bance observer is designed as follows.

2 0 0 A 0
[fé} |1 B [flé} T
*2 J J1 2 Ji
0 K3 o
+[k2]+|:K4][x2—x2] (39)
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where dAé is the estimated value of @), K3 and K, are gains
through pole assignment.

In a word, the sliding mode controller in speed synchro-
nization phase is this.

uy = bixy — dy — Ji[c2é1 + e2sat(s2) + o252 + kol + 5
(40)
where g5 > 0, 00 > 0,.
Stabilization proof of the sliding mode controller in this

phase is similar to that in ICE starting phase and will not be
described here.

3) TORQUE REDISTRIBUTION PHASE

In this phase, the clutch is in total engagement and ICE
angular speed has synchronized with EM. According to HEV
torque required, EM torque need to compensate for error of
ICE torque, that is, target torque of these two power sources
need redistribution to ensure wheel torque unchanged before
and after switching. Here, the clutch is in total engagement,
that is, 6 is equal to 6,. HEV dynamics equations are
expressed as follows.

(J14+J2)02+(b14+b2)02 = Tice + Tem—To/igio+fi +12
J303 +b303 =To —T1 + f3

41)
From Eq. (41), the result is this.

(1 +J2) b2 + J303 + (b1 + b2)br + b33 = Tice
+Tem + (1 = 1/igio)To —T1 +f1 + o+ (42)

Here, d3 includes the error of ICE torque system model
uncertainty and Tep req is regarded as control law u3.

d3 = _Tice,err +f1 +f2 +f3 (43)
uz = Tem,req (44)

According to Eqgs. (42-43), Eq. (41) could be rewrote as
below.
(1 +2) 63 + J303 + (b1 + b2)0> + b303 = Ticereq
+uz + (1 = 1/igio)To — T1 +d3  (45)
The HEV reference models in this phase are as follows to
achieve smooth switching from pure electric driving mode to
hybrid driving mode.
(Jl + ]2)§2,ref + (bl + b2)é2,ref = Tice,ref
+Tem,ref - TO,ref/igiO “l‘fl +f2 (46)
J303 ret + D303 ret = Toret — T1 + /3

where subscript ref is reference value of the parameters.
Wheel speed 65 rer in HEV reference models is set as target
value of this phase.

é3,req = é3,ref @7
where 93,req is speed required of this phase.
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So, tracking error e3 and state value x are these

respectively.
ez = 03 — 93,req (48)
X] = e3,X) = €3 49)

Switching function s3 of the sliding mode controller is
supposed to compute as following.

§3 = c3e3 + €3 (50)

where c3 is positive constant.
Like d{, d; also includes d3 and the error of system model,
and its equation is as below.

di = ds + (B — b3)xa + (J§ — J3)ka + (J3 /75 — Dus (51)

Supposing, k3 = —[J1 +J5102 + (b1 + b2)0 + b363 eq —
(Ticereq + (1 — 1/igio)To — T1)1/J3, disturbance observer is
designed as follows.

;\/ 0 0 t7} 0
2 J3 J3 " J3
0 K5 n
+[k3]+|:K6][xz—x2] (52)

where dz is the estimated value of d}, K5 and Kg are gains
through pole assignment.

In a word, the sliding mode controller in torque redistribu-
tion phase is this.

uz = b3xy — ds — Jz[c3é3 + e3sat(s3) + 0353 + k3] + dAé
(53)

where ¢3 > 0, 03 > 0.

Stabilization proof of the sliding mode controller in this
phase is similar to that in ICE starting phase and will not be
described here.

V. RESULTS AND DISCUSSION
The evaluation is performed by using both simulation envi-
ronment and experimental tests.

To show the effectiveness of the proposed sliding mode
control method based on disturbance compensation in the
dynamic coordinated control, three control strategies (i.e.,
the online estimation of the ICE speed, MPC, sliding mode
control based on disturbance compensation) are proposed for
the comparison purpose. They are respectively simplified as
Strategy 1, Strategy 2 and Strategy 3.

TABLE 3. Numerical values of the dynamic parameters.

70 T T T T T

60

50

40t

30

Velocity v (km/h)

20

! J\

0 1 1 1

0 200 400 600 800 1000 1200
1(s)

FIGURE 14. Comprehensive driving cycle of local passenger vehicles.

TABLE 2. Numerical values of the vehicle and main parts parameters.

Component  Parameter Value
air resistance coefficient Cp 0.31
frontal area A 2m?
vehicle total mass m 1381kg
Vehicle wheel rolling radius r 0.283
rolling resistance coefficients fo 1.1 x 1072
rolling resistance coefficients f; 2.6 x 10~%
rolling resistance coefficients f4 6.5 x 10~
maximum power 51kW(5600r/min)
ICE maximum torque 90Nm(4600r/min)
peak efficiency 0.393
voltage 380(v)
EM nominal power 45kW
nominal torque 173Nm
peak efficiency 0.90
type Li-ion
Battery Nominal voltage of a module 48v
Nominal capacity of a module 20Ah
Number of modules 8

A. SIMULATION RESULTS AND ANALYSIS

The effectiveness of the proposed control method is appraised
under the real driving cycle shown in Fig. 14 by using
the data acquisition system named VBOX3i based on GPS
[34]. Numerical values of the vehicle parameters and main
parts are listed in Table 2. Values of the dynamics param-
eters are displayed in Table 3. Using models built in
Section III, three control strategies comparative simulation
has been accomplished in the Matlab / Simulink / BondHEV
environment.

The comparative simulation results are shown in Fig. 15.
At the 5.8s, the torque required of HEV begins to increase,
the vehicle need switching from pure electric driving mode
to hybrid driving mode. Seen from Fig. 15 (a) and (c), EM
torques and speed both start to rise. When the clutch friction

Parameter Value Parameter Value

Inertia moment of ICE Jj. 0.121 kg- m? clutch inertia moment of the driven disc Jom ~ 0.018 kg- m?
Inertia moment of EM Jep, 0.167kg - m? damping coefficient of ICE side by 0.017 N- m - s/rad
Inertia moment of Wheel Jy, 0.25 kg - m? damping coefficient of EM side bs 0.113 N- m - s/rad
Inertia moment of planetary gears Jg 0.185kg - m?  damping coefficient of wheel side b3 0.054 N- m - s/rad
Inertia moment of driving axle Jo 0.224 kg - m?  characteristic parameter of planetary gears k. 1.45

Clutch inertia moment of the driving disc Jee ~ 0.025 kg- m? gear ratio of main reducing gear ig 3.5

VOLUME 8, 2020
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FIGURE 15. The comparative simulation results among three strategies from pure electric driving mode to hybrid driving mode.

torque is larger than ICE resistance torque, ICE begins to
start at the 6.0 s, seen from Fig. 15 (b) and (d). With Strat-
egy 3, it takes 0.3 s for ICE from O to 800 r/min, then the
period from 6.3s to 6.6s belongs to speed synchronization
phase. After 6.6s, the clutch is in full engagement and the
mode switching enters torque redistribution phase, in which
EM torque decreases, and ICE torque increases until their
torques follow the target torque entirely. The mode switching
is accomplished.

Compared with Strategy 1 and Strategy 2, the variation
of EM torque with Strategy 3 is slowest so as to drive ICE

60438

starting, whose curve is closest to the curve required. From
Fig. 15 (a), the maximum fluctuation of EM torque is 20 N-m,
15 N'm and 10 N-m respectively for Strategy 1, Strategy 2
and Strategy 3. Among three strategies, the change of ICE
torque with Strategy 3 is fastest owing to EM driving, whose
curve is closest to the curve required. From Fig. 15 (b), the
maximum fluctuation of ICE torque is 9 N-m, 6 N-m and 4
N-m respectively for Strategy 1, Strategy 2 and Strategy 3,
which are all much smaller than that of EM. The time that ICE
takes from O to 800 r/min is prolonged to 0.40s and 0.35s by
Strategy 1 and Strategy 2 respectively, seen from Fig. 15 (d).
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TABLE 4. The comparative simulation results among three strategies during mode switching with ice starting.

Mode Switching Strategy |

Strategy 2 Strategy 3

Maximum torque ~ Maximum Jerk Maximum torque ~ Maximum Jerk Maximum torque ~ Maximum Jerk
fluctuation /(N- m) /(m/s3) fluctuation /(N- m) /(m/s3) fluctuation /(N-m) /(m/s3)
pure electric driving
5 ICE driving 17.3 154 13.7 124 8.1 7.2
pure electric driving 232 215 182 165 117 11.0
— charging in driving
pure electric driving 20.0 185 15.0 15.0 10.0 95

— hybrid driving

1 L4 |
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1. ICE and its controller; 2. Tested vehicle; 3. Dynamometer; 4. Inverter system; 5. Vehicle controller; 6. EM and its
controller; 7. Battery and its controller; 8. Centralized control system.

FIGURE 16. HEV experiment platform.

In Fig. 15 (e), the maximum jerk is up to 18.5 m/s> and
15 m/s® for Strategy 1, Strategy 2 respectively, which are
both larger than 10 m/s3 (German index limit value), whereas
that for Strategy 3 is as low as 9.5 m/s> and smaller than
German index limit value. From Fig. 15 (f), the maximum
accelerations of three strategies aren’t all large and are in an
acceptable range.

In the same way, other mode switching with ICE starting is
also simulated. Maximum torque fluctuation and maximum
Jerk are regarded as evaluating indicators, and the compar-
ative simulation results among three strategies during mode
switching with ICE starting are shown in Table 4.

From Table 4, the proposed sliding mode control method
based on disturbance compensation improves the ride
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comfort and reduces the jerk during mode switching.
Although these simulations are accomplished under the given
driving cycle, and mode switching could happen at arbitrary
velocity and torque required, switching rules and general
principles of torque coordinated control are the same. There-
fore, these simulation results could testify to the rationality of
the control method designed.

B. EXPERIMENTAL RESULTS AND ANALYSIS

The characteristics of simulations are easy to be implemented
and have lower cost, but they can’t reflect situations compre-
hensively and actually, and many unpredictable problems in
real applications are still potential factors. Thus, the experi-
ment platform is established to confirm simulation results.
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FIGURE 17. The comparative experimental results among three strategies from pure electric driving mode to hybrid driving mode.

Fig. 16 shows the structure of the HEV experiment plat-
form which is composed of the HEV, dynamometer, ICE and
EM and battery and their corresponding controller, inverter
and centralized control system. Under the comprehensive
driving cycle of local passenger vehicles shown in Fig. 14, the
experimental results are shown in Fig.17 from pure electric
driving mode to hybrid driving mode.

T, is compared with Tic. in Fig. 17 (a), (c) and (e) among
three strategies. In the ICE starting phase, T, is equal to
zero, but the duration is different, in which the ICE starting
time with Strategy 3 is shortest. In the speed synchronization
phase, T, is increased gradually during the clutch engage-
ment, but the rate of change with Strategy 3 is fastest. In the
torque redistribution phase, 7¢ is equal to Tice, then the power
can be transmitted to the planetary gears to drive the wheel.
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From Fig. 17 (a), (c) and (e), the fluctuation of Tjc is also
different among three strategies. The time of T fluctuation
with Strategy 1 is longest and its range is widest. By contrast,
its time is shortest and its range is narrowest with Strategy 3.
For details, see Table 5, Table 6 and Table 7.

Treq is compared with Tice plus Ter in Fig. 17 (b), (d)
and (f) among three strategies. In the ICE starting phase, Treq
is equal t0 Tem, and Tieq is less than Tice plus Tem in the
speed synchronization phase, and Treq is equal to Tice plus
Tem in the torque redistribution phase. From Fig. 17 (b), (d)
and (f), the fluctuation of Ti¢e plus Ten, is also different among
three strategies. Compared with Strategy 1 and Strategy 2, the
variations of Tice plus Ter, on the horizontal axis and vertical
axis are narrower with Strategy 3. Moreover, Teq follows Tice
plus Tep, seen from Fig. 17 (b), (d) and (f). The deviation from
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TABLE 5. The experimental results with Strategy 1 during mode switching with ICE starting.

Mode Switching Maximum torque fluctuation /(N-m)  Maximum Jerk (m/s3)  Maximum acceleration (m/s?) ~ Mode Switching time (s)
pure electric driving

— ICE driving 20.7 17.8 2.3 1.7

pure electric driving

— charging in drivin g 27.0 24.6 3.2 2.6

pure electric driving

— hybrid driving 23.5 21.0 2.9 2.3

TABLE 6. The experimental results with Strategy 2 during mode switching with ICE starting.

Mode Switching Maximum torque fluctuation /(N-m)

Maximum Jerk (m/s3)

Maximum acceleration (m/s2)  Mode Switching time (s )

pure electric driving

— ICE driving 16.5
pure electric driving
— charging in driving 22.0
pure electric driving
— hybrid driving 18.6

1.9 L5
29 2.3
2.5 1.8

TABLE 7. The experimental results with Strategy 3 during mode switching with ICE starting.

Mode Switching Maximum torque fluctuation /(N-m)  Maximum Jerk (m/s3)  Maximum acceleration (m/s?>)  Mode Switching time (s )
pure electric driving

— ICE driving 9.7 1.3 1.1

pure electric driving

— charging in driving 14.5 12.6 23 1.8

pure electric driving

— hybrid driving 11.7 10.0 1.9 1.5

Tice plus Tem with Strategy 3 is obviously less than the other
strategies in the speed synchronization phase.

In a word, the ICE and EM power could be transmitted
smoothly by using the proposed strategy. The reason is that
Strategy 1 and Strategy 2 have poor real-time, whereas the
ICE speed and torque with Strategy 3 have quick response
with the aid of the EM.

In the same way, other mode switching with ICE starting
is also tested. The maximum torque fluctuation, maximum
jerk, maximum acceleration and mode switching time are
regarded as evaluating indicators, and the comparative experi-
mental results among three strategies during mode switching
with ICE starting are listed in Table 5, Table 6 and Table 7
respectively.

Compared with Strategy 1, the maximum torque fluc-
tuation, maximum jerk, maximum acceleration and mode
switching time have a decrease of 50.2%, 52.4%, 34.5% and
34.8% respectively with Strategy 3 during mode switching
from the pure electric driving to hybrid driving. The four eval-
uating indicators are reduced by 37.1%, 39.8%, 24.0%and
16.7% respectively relative to Strategy 2. In the same way,
during the other mode switching, the values of the four indi-
cators for Strategy 3 are also less than that for Strategy 1
and Strategy 2. Furthermore, these experimental results are
consistent with the simulation results. The reason is that the
torque disturbance is well compensated for in both clutch
slipping and engaged stages by the proposed control strategy.
Thus, the vehicle jerk during the mode transition is greatly
reduced.
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Overall, the results obtained from the HEV experiment
platform further verify the performances of the control strat-
egy developed.

VI. CONCLUSION

On the basis of the steady-state and transient models of parts
and working modes, a dynamic coordinated control has been
developed for an HEV during mode switching with ICE
starting. A sliding mode control method based on disturbance
compensation is put forward to accomplish torque coordina-
tion during mode switching to cope with the system uncon-
tinuity and strong nonlinearity. The switching process from
pure electric driving to hybrid driving is divided into three
phases that include ICE starting, speed synchronization and
torque redistribution in the light of the state of the clutch and
ICE and control target. The according disturbance observer
and sliding mode controller are designed for each phase and
these controllers stabilization is also proved.

The proposed control strategy has been validated by not
only computer simulations but also experimental tests by
using real vehicle compared with other two control strategies
under the comprehensive driving cycle of local passenger
vehicles. Four evaluating indicators are put to use including
the maximum torque fluctuation, maximum jerk, maximum
acceleration and mode switching time to evaluate the ride
comfort comprehensively. The results indicate that four eval-
uating indicators all have a certain decrease and the variation
curves of the EM and ICE torque are closest to the curve
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required with the control strategy designed during each mode
switching with ICE starting.

Thus, the proposed dynamic coordination control strategy
has the great potential to decrease HEV jerk and the fluctua-
tions of driving wheel torque, and improve riding comfort and
system robustness. This control strategy helps to complete the
control theory of the hybrid electric system and promotes the
application of such system.

It is interesting to study mode switching between the driv-
ing mode and the braking mode in the future research.
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