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Nomenclature

EV stands for Electric Vehicle, EMS stands for En-
ergy Management Strategy, HEV stands for Hybrid Electric
Vehicle, ICE stands for Internal Combust Engine, MG
stands for Motor or Generator, MB stands for Mode bound-
aries, NVH stands for Noise Vibration and Harshness,
ECMS stands for Minimum control strategy of equivalent
fuel consumption, PSO stands for particle swarm optimiza-
tion, SOC stands for State of Charge.

1. Introduction

With the deterioration of the environment and the
depletion of resources, the development of hybrid electric
vehicles is growing. For the optimization of hybrid electric
vehicle, researchers have put forward many effective meth-
ods [1 — 3]. In terms of optimization objectives, on contrary
to the objectives of dynamic performance and travel ex-
penditure [4 — 6], researchers and manufactures are giving
increasing attention to enhance ride comfort and driving en-
joyment [7 — 8], i.e., the travel quality.

1.1. Optimization of powertrain and EMS

Researchers used different optimization methods
for the vehicle driveline or control strategy to improve the
fuel economy, power performance, and comfort [9 — 11].
Gear ratios were optimized with a cost function of economic
performance in [12] for an all-EV. As for HEV, because of
the highly intertwined relationship between powertrain con-
figurations and EMS, the driveline optimization is generally
carried out with key parameters of the control strategy. In
[13, 14], in order to improve the efficiency of the optimiza-
tion process, two traditional optimization algorithms were
combined. But because the traditional optimization algo-
rithm is to get only one optimal solution, so the accuracy is
not guaranteed. [15] proposed an improved genetic algo-
rithm based on adaptive crossover probability and mutation
probability, the algorithm solves the accuracy problem ef-
fectively, but the optimization process is complicated. [16]
proposed a method to optimize the parameters of ECMS
through PSO. These two algorithms can solve the problem
of accuracy and efficiency of the optimization algorithm,
but because of the high coupling between the powertrain and
control strategy of hybrid electric vehicle, it is not a good
choice to separate the two parameters. [4, 17, 18] consider-
ing the coupling problem of hybrid electric vehicle, the

powertrain parameters and control strategy parameters, such
as transmission ratio and EMS threshold, were considered
in the optimization process. [19] directly uses deep learning
to train energy management strategies so that they have bet-
ter performance under comprehensive conditions. However,
the choice of objective function was still the performance of
fuel economy or vehicle emission in traditional optimization.

Automated vehicle is a system concerning not only
continuous states but also discrete states, such as modes and
engine start-stop in HEV case. Detailed mode-transition
strategy for parallel HEV was studied in [20 — 22]. Albeit
the compensation method by coordinating the driveline
components can smooth the shifting process, the life-spans
of the actuators, such as synchronizers and clutches, are sac-
rificed and trade-offs between dynamic requirement and
driving comfort must be made if these transitions frequently
occur. [23] added a confirmation layer in the algorithm to
ensure that the mode will not switch frequently. However,
due to the optimization method, the optimization process
may take a lot of time, and the final-result is only an optimal
solution with poor accuracy.

The researchers also put forward proposed the
NVH problem of the engine, motor and transmission system
in hybrid electric vehicles and the method of suppression.
established a hybrid electric vehicle model suitable for
power distribution. The control method of motor compensa-
tion torque was proposed to compensate the vibration source,
and the vibration transmission path was established to
change the dynamic characteristics of the engine during the
start-stop process. In [24], a mathematical modeling of the
vibrations observed at the level of the electromechanical
coupling between the internal combustion engine and the
generator in the series architecture of HEVs, named
(SHEVs), is established using the Lagrangian theory. And
conducts nonlinear analysis of undesired vibration of hybrid
electric vehicle powertrain. [25] investigates an algorithm
that can eliminate torque fluctuations caused by engine start
and stop. [26] present a coordinated control strategy consid-
ering the different dynamic response characteristics of ICE
and MG. [27] added the time-varying trajectory disturbance
prediction based on echo state network to the vehicle active
vibration control method and realized the active vibration
control of hybrid electric vehicle powertrain.

After synthesizing the above research, this paper
starts from the following three points to distinguish this re-
search from the previous studies: 1) A new multi-objective
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dynamic optimization algorithm considering mode transi-
tion is proposed. The decoupling of powertrain and EMS is
completed, and the dynamic cycle optimization of parame-
ters is realized. 2) MB is defined in order to reduce the mode
transition frequency and increase driving comfort. 3) The
high-efficiency working area of the engine is divided into
upper and lower boundaries. The frequent start-stop of the
engine is effectively controlled, and the operating points of
engine and MGs are ensured to appear in the high-efficiency
area as far as possible.

1.2. Overview

The structure of the paper is as follows: The section
IT gives the structure of the vehicle and the main modes of
hybrid electric vehicle. The section III defines the objective
function of the multi-objective dynamic algorithm and de-
velops the energy management strategy and defines the MB.
Determines the optimization parameters and constraints.
The section IV gives the simulation results and analysis. Fi-
nally, the conclusion is given in section V.

2. Powertrain construction and driving mode
2.1. Vehicle structure and parameters

This paper selects a multi-mode three gear hybrid
powertrain, as shown in Fig.1.

The powertrain adopts dual-clutch C; and Cs for
power coupling. The engine and MG1 are arranged coaxi-
ally, and MG1 is connected with the engine output shaft
through Ci. The dual-clutch is used to realize the arbitrary
coupling of three power sources and the change of gear (G,
G», G3), so as to adapt to the power demand under different
working conditions. When the vehicle is braking, the energy
recovery of MG1 or MG2 can be realized through the com-
bination of dual-clutches.

With the coordination of clutches, synchronizers
and brake, the vehicle structure can realize more additional
modes.
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Fig. 1 HEV power-train
2.2. Vehicle driving mode

For the multi-mode hybrid electric vehicle men-
tioned in this paper, its advantage is not only the sufficient
power under the guarantee of three power sources, but also
that the vehicle can adjust the driving mode according to
different working conditions. There are many kinds of
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modes, up to 10 kinds in total. Because it is impossible to
use all modes under ordinary working conditions, the driv-
ing charging mode and standstill charging mode are only
triggered when the SOC is lower than 30 %, and they sacri-
fice drivability. This paper only gives a brief introduction of
the following common modes:

1) Engine separate drive mode. When the vehicle
is in high-speed motion and reaches the high efficiency area
of the engine, or the torque provided by the MG is insuffi-
cient, the engine starts. The clutch C; and C»/Cs are com-
bined. The engine power is transmitted to the transmission,
and then to the drive axle and wheels through the output
shaft.

2) Single motor drive mode. When the vehicle
starts or the power demand is low, no need to start the engine,
the clutch Ci, C, and Cs are separated, and the power is di-
rectly transmitted to the drive axle and wheels by the MG2
through the transmission.

3) Dual motor drive mode. When the vehicle
torque demand is high, but it does not reach the engine op-
erating point, the clutch C, and Cs are combined. The power
of MG is coupled on the transmission shaft through the
dual-clutch with MG2, and then transmitted to the drive axle
and wheels through the transmission.

4) Engine + single motor hybrid drive mode.In this
mode, the engine is always in the high efficiency zone, and
MGT1 is used as auxiliary speed regulator and generator
when necessary, the clutch C; and C; are combined. The en-
gine power and MG2 power are coupled on the input shaft
and transmitted to the drive axle and wheels through the
transmission.

5) Engine + dual-motor hybrid drive mode. Com-
pared with the engine + single motor hybrid drive mode,
clutch C3 is combined. Engine power is coupled with MG1
power through C,, coupled power is coupled with MG2
power on input shaft again, and finally transmitted to drive
axle and wheel through transmission. In this mode, the max-
imum power output is achieved.

6) Engine charging mode. The vehicle runs at high
speed, the engine is at the best economic speed, and control
MG2 does not work. Part of the engine power meets the
driving power of the vehicle, and the other part of the sur-
plus power drives the MG1 through the clutch C; to charge
the power battery.

7) Idle charging mode. When the vehicle stops for
a short time, the vehicle is in neutral, and the engine drives
the MG1 through the clutch C; to charge the power battery.

8) Braking energy recovery mode. When the vehi-
cle brakes, the wheel power will be transmitted to MG2
through the output shaft and transmission in the opposite di-
rection, driving MG2 to generate electricity and charge the
power battery.

Due to the complexity and variety of vehicle
modes described in the previous part, vehicles need to face
many problems in the process of driving. The hybrid electric
vehicle discussed in this paper has three power sources, the
complex powertrain is closely related to EMS, which brings
the decoupling problem in the optimization process and the
complexity of the mode will lead to frequent switching dur-
ing the operation of the vehicle, reduce the service life of
parts, and affect the driving comfort and frequent start-stop
of engine is the main source of vibration and shock, and it
will also lead to the reduction of fuel economy.



3. Problem formulation

In view of the problems of multi-mode hybrid elec-
tric vehicle proposed in the previous chapter, for the prob-
lem of highly intertwined relationship between powertrain
and EMS, in this chapter, a new multi-objective dynamic
optimization algorithm is proposed to realize the decoupling
problem of powertrain and control strategy in hybrid electric
vehicle. For the characteristics of multi-mode, the mode
transition frequency function is added to the objective func-
tion. An improved EMS is proposed to effectively control
the start-stop of the engine and the efficient operation of the
power source.

3.1 Multi objective dynamic optimization method

According to the objectives and parameters of this
optimization, the mathematical pattern of optimization is as
follows:

=

fo.f ],
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where: ftm is the dynamic performance function, which is

the acceleration time of 100 kilometers; f.., is the economic
performance function, which is fuel consumption and power
consumption; f;is the comfort performance function, which
is the frequency of mode transition; f; is the smoothness per-
formance function, which is the shift impact degree.

The function in the mathematical pattern involves
two aspects of high coupling in hybrid electric vehicle, one
is power transmission system, the other is control strategy.
For this kind of problem, researchers put forward the corre-
sponding optimization method. However, most of the exist-
ing studies focus on the optimization of powertrain parame-
ters or control strategy parameters, and do not consider the
highly related problems. The multi-objective dynamic opti-
mization method proposed in this paper.

Considering that the particle swarm optimization
algorithm is more suitable for the powertrain mentioned in
this paper, based on the particle swarm optimization algo-
rithm, the dynamic optimization algorithm in this paper in-
cludes two optimization layers. The first layer is the optimi-
zation of economic and dynamic performance, with fuel
consumption, power consumption and 100 km acceleration
time as the objective function, and the second layer is the
optimization of comfort performance considering mode
transition, with mode transition frequency as the objective
function, impact is the constraint condition.

The algorithm will output 25 groups of optimiza-
tion parameters after the first level optimization, and every
individual has good performance; in the second layer, every
individual is used as the initial value to generate 25 groups
of optimization parameters. In this way, the sample size can
reach 625. The optimization results of the second layer will
be substituted into the first layer in real time to recalculate
the economic and dynamic performance. On the one hand,
it can ensure that the number of samples is large enough, on
the other hand, the accuracy of the optimized final-results
can also be guaranteed.

The basic flow of the algorithm is as follows:

1) The seven optimization parameters obtained by
the traditional optimization method is taken as the initial
value.
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2) The system randomly generates 25 groups of
populations to calculate economic and dynamic perfor-
mance respectively.

3) Then, the position and speed of individuals in
the population are updated continuously to generate a new
population.

4) When the number of iterations of the first opti-
mization is reached, 25 groups of data with the best eco-
nomic and dynamic performance will be automatically se-
lected.

5) After the first level optimization, we get 25 sets
of F(1), in which each solution set (seven optimization pa-
rameters) is close to min F(;). Then, these solution sets are
substituted into the second level optimization calculation
to get the solution sets which are close to minFo.

6) The final solution set which is close to minF>
will return to the first layer for calculation again, in order to
realize real-time dynamic optimization.

7) Finally, the four functions are given different
weights to obtain the optimal solution. Considering that the
function of power performance and ride comfort was taken
as the constraint condition in the optimization process, the
weight coefficient was selected as 0.9, and the function of
economic performance and comfortable performance as the
two aspects with more emphasis was selected as the weight
coefficient of 1. The specific process is shown in the Fig. 2.
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The transmission system and EMS in hybrid elec-
tric vehicle system are complex. The multi-objective dy-
namic optimization algorithm proposed in this paper can de-
couple the transmission system and EMS in hybrid electric
vehicle.

Different from the traditional method, the optimi-
zation results of each layer are retained, and each group of
transmission ratio has a corresponding set of control strat-
egy parameters, which makes the optimization process have
high fault-tolerant performance and large enough sample
size. On the one hand, the calculation results of the second



layer are weighted to get Fy), on the other hand, it will be
automatically substituted into the first layer for re-optimiza-
tion, it effectively reduces the number of iterations and
strives for the optimization time.

Most importantly, the multi-objective dynamic op-
timization algorithm proposed in this paper considers mode
transition at the beginning of parameter design, which re-
duces the workload of parameter matching and calibration
in the later stage, and improves the work efficiency of vehi-
cle improvement in the later stage.

3.2. Optimization objectives

In this paper, the modal transition frequency and
impact degree in the process of vehicle driving are taken as
the optimization objectives, and the economy and dynamic
performance of the traditional optimization scheme are con-
sidered at the same time.

1) Comfort performance. Unlike traditional hybrid
optimization, this paper involves the multimode hybrid cars,
because the model is more, so the model boundary is more
complex, not simply to consider economy and power per-
formance, [28] proposes a coordinated control algorithm for
distributing the torque between the engine and the motor. Its
purpose is to calculate the torque distribution according to
different modes through coordinated control algorithm, and
at the same time, the motor provides the torque required to
start the engine to reduce the impact in the process of mode
switching. However, due to the delay characteristics of the
engine, it is impossible to stop-start immediately. When the
mode switching is frequent, it will cause strong oscillator of
the engine body and affect the driving comfort; on the other
hand, the complex mode leads to the calculation load of the
algorithm is too large, the torque distribution of the current
mode has just been calculated, and the vehicle has entered
the next mode. In order to avoid a series of problems caused
by engine delay, this paper is to fundamentally reduce the
frequency of mode transition and minimize the torque fluc-
tuation and impact in the driving process. The mode transi-
tion frequency can intuitively reflect the comfort level, so
this paper proposes a comfort objective function:

_ num(k, .k, k;)
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where: f; (k;)is the objective function of mode transition

frequency; num(ki, k», k3) is the number of mode transition.
Sampling is conducted for the mode of a NEDC operating
cycle with a sampling interval of 1s. By comparing the mode
data of the two sampling points before and after, if it is the
same, it means no switching; if it is different, it means
switching the mode once.

2) Smoothness performance. According to the cal-
culation formula of shifting impact, the more gears in a cer-
tain range, the less impact the vehicle will have during shift-
ing, and the better ride comfort. As the vehicle structure
mentioned in this paper is a three-speed hybrid electric ve-
hicle, because there are few gears, it is necessary to take the
impact degree as the constraint condition of ride comfort,
optimize the three-speed transmission ratio, and reduce the
impact in the process of gear switching as much as possible.

In this paper, the impact degree is used to evaluate
the ride smooth of vehicles. Meanwhile, the positive impact
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degree and the negative impact degree are distinguished.
The average values of the two are respectively taken as the
ride smooth objective function:

“ [ Iylyn_dT,

=1

£ oMgr dt}
S n ’

®)

where: n is the number of sampling points of a NEDC cycle,
with 1s interval, so n is 1180; iy is final drive ratio; iq is gear
transmission ratio; # is transmission efficiency; o is the ro-
tation mass conversion coefficient; Mo is vehicle mass; r is
the radius of tire; T¢ is the actual transmission of torque by
the clutch.

3) Dynamic performance. Dynamic performance is
assessed by acceleration time of 0-100km/h #4.. Dynamic
shifting schedule is designed and deployed.

4) Economic performance. In this paper, the influ-
ence of temperature on the battery is not considered, so the
conversion between fuel consumption and power consump-
tion is not carried out. Instead, the sum of the price of fuel
consumption and power consumption is directly adopted as
the economic objective function as follows:

feco = pfuel 1:fuel + pele fele’ (4)
where: prel and peie are oil prices and electricity prices; fuel
and fee are respectively fuel consumption and power con-
sumption under NEDC cycle.

This section defines four kinds of objective func-
tions. In the optimization process, the dynamic objective
function, the economic objective function and the comfort
objective function are taken as the optimization objective
function, and the smoothness objective function is taken as
the constraint, so that the final result can guarantee excellent
performance in four aspects.

The selected transmission ratios of 3 gears are re-
spectively g1, ig, ig3, final drive ratio iy, setting parameter
ki for the boundary between electric mode and hybrid mode,
upper and lower limits k», k3 of engine efficiency curve. A
total of 7 parameters are used as optimization parameters.
Need of special note is that ki is the start-stop line of the
engine in hybrid mode, which is related to the frequent start-
stop of the engine. k> and k3 are efficient engine working
curve of upper and lower, it is used to control the engine
operating points as far away as possible from the boundary
near, on the one hand, due to the engine efficiently work-
space is approximate elliptic irregular scope, this limitation
does not affect the engine working in high efficient area; On
the other hand, reducing the distribution of working points
at the boundary can effectively reduce frequent mode tran-
sition during vehicle driving, especially the multi-mode hy-
brid electric vehicle in this paper. At the same time, reducing
the start and stop of engine or motor can also effectively
control vehicle comfort. The 7 parameters represent
driveline parameters and control strategy parameters, which
are connected through the vehicle model, and four objective
functions are generated after the simulation of driving con-
ditions.

3.3. Logical threshold energy management strategy

Due to the diversity of vehicle modes, the logic



threshold energy management strategy becomes compli-
cated accordingly. The energy management strategy se-
lected in this paper takes into account the efficient engine
working area and demarcates the upper and lower limits of
engine mode boundary to prevent the frequent transition of

49

modes. The energy management strategy as shown in the
Fig. 4.

Detailed description of each mode as shown in the
Table 1.

lgl:‘gz: lgg,lgf —

Fuel consumption
fuel consumption

Power-train parameters impact degree
Power train system .
optin;itze 3 m@
parameters - algorithm
. The number of
L — mode switches
Control policy parameters
EMS
Fig. 3 Relationship between parameters and objective function
Table 1
Logical threshold energy management strategy
HEV mode Mark Operating condition
Mode 1 OEM Single motor operation
Mode 2 TEM Double motor operation
Mode 3 ENA Engine in efficient working area
Mode 4 EMI1S Engine in efficient working area, motor 2 provides insufficient torque
Mode 5 EMI12S Engine in efficient working area, motorl and motor 2 provide insufficient torque
Mode 6 FUL Engine is not in the optimal working area, motor 1 is in parallel with motor 2
Mode 7 BRA Motor 2 for energy recovery
700 3.4. Constraints for the vehicle design
600 1) Maximum vehicle velocity. To reach the maxi-
mum velocity, the following constraints must be satisfied:
| 0.377
. . n..r
= lgsly < —, ®)
3 gs'g
= 4001 Vinax
5 2
5300 L where: vy is the requested maximum velocity of the vehi-
= cle; may is the maximum speed of the MG2; r is the radius
200 k of tire. . .
i e 2) Minimum gradeability:
k
;%
100r . M,g( f cosa +sina)r
1 T k, Igl of = ' (6)
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0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Speed (r/min}

Fig. 4 Energy management strategy

The x-coordinate in the figure represents the rota-
tion speed on the coupling axis, and the y-coordinate repre-
sents the torque after coupling. The numbers 1-6 correspond
to the patterns 1-6 in Table 2. The vertical dividing line rep-
resents the engine's idle speed, the left represents pure elec-
tric mode, and the right, from bottom to top represent engine
starting boundary k; (the dividing line between 1' and 3),
engine efficiency curve (the dividing line between 3 and 4),
coupling boundary between engine and MG2 (the dividing
line between 4 and 5), coupling boundary between engine
and two motors (the dividing line between 5 and 6) and the
coupling curve of engine external characteristic curve with
MG1 and MG2 external characteristic curve.

where: M is the vehicle mass; f'is the friction coefficient; a
is the grade angle; g is gravity acceleration; 7 is the overall
efficiency; T is the peak torque of the powertrain.

3) The relationship of gear ratio. For smoother
shifting, the constraints can be described as:

i
13<-2 <18,

| )
g2
i

1.3<i9—2<1.8. (8)
g3

4) Model boundary. The value of model boundary
ki is sure to be within the motor torque range of 5500 r/min,
because it involves the engine starting, which will bring a
greater degree of influence. Therefore, when the engine



torque is taken as the input load, the engine is started by two
motors, and the residual torque motor is maintained at the
same time. In addition, the value of k> and 43 should not be
too large, otherwise the engine cannot be guaranteed in the
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ditional particle swarm optimization algorithm, and are now
being used in the enterprise test vehicle. The overview of the
vehicle model is shown in Fig. 5. Major parameters are
shown in Table 3.

high efficiency range. The selected optimization parameters Table 3
shown in the Table 2. Key parameters of the vehicle
L. Table 2 Component Parameter Value
Parameter optimization range Mass, ke 2100
Parameter Definition Initial value | Range Windward area, m? 2.56
igl First gear ratio 2.1856 2~3.8 Vehicle Rolling coefficient 0.01
i Second gear ratio 1.32 0.8~1.6 Aerod}{namich coefficient 0.36
g3 Third gear ratio 0.64 0.6~1.3 Tire radius, m 0.353
lof Final drive ratio 4.4 4~5 Max power, KW; 108,
k Engine start-stop line 80 80~110 Speed, r/min 5500
o ; ICE .
k Lower limit of engine 0 050 Torque, Nm; 216,
’ optimal curve ~ Speed, r/min 3700
Upper limit of engine Power, Kw 55
ks optimal curve 0 0~50 MGl Max torque, Nm 165
MG2 Power, Kw 90
Vehicle model is established via Sim- Max torque,AI;IIm 2485
ulink/MATLAB. The pre optimization parameters men- Battery C{a]pi o1y, v 3300
tioned in this paper are the results obtained by using the tra- oTtage,
soc o
Ting2 2 i
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a Energy Dynamics
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Fig. 5 Vehicle model

4. Optimization results and analysis
4.1. Optimization results of EMS

In this paper, when we choose the final solution,
we give four objective functions corresponding weights w1,
w2, w3, ws. Because this paper mainly considers comfort
performance and economic performance, the weights are 0.9,
1, 1, 0.9 respectively. Use the following algorithm to find
the optimal solution:

Fo=min(o-f +o, f+a,-f+o,-1,).

©)

The iteration process is shown in Fig. 6. It can be
seen from the figure that the fitness function converges after
the 35th generation, because the parameters of the power-
train and the control strategy are optimized synchronously
in the optimization algorithm. The output of the first level is
a population, and every individual in the population gener-
ates its own population in the second level. At the same time,
the results of the second layer will return to the first layer to
recalculate the objective function, which also makes it un-
necessary to iterate too many times.

1,565
1,545
1525
1.505

1488
1,465
1.445
1425
1,405

1.385
0

25 30 35 40 45 50

Iteration

Fig. 6 Iteration process

Since the results of 50 generations of optimization
have converged, it is not necessary to use large samples to
ensure the accuracy of calculation when selecting the opti-
mization results. In this paper, 25 groups of data in the opti-
mization results are selected, select the best from the best.

From the three-dimensional scatter diagram, we
can see that only considering the economic performance and
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dynamic performance, they are consistent with the tradi-
tional dual-objective optimization results, presenting obvi-
ous contradictory solutions, and the smoothness perfor-
mance can play a certain constraint role on them. The Fig. 8
shows the comparison of economy-dynamic performance,
economy-smoothness, and power-smoothness scatter distri-
bution results respectively.

The figure shows that economic performance, dy-
namic performance and smooth performance are contradic-
tory solutions to each other. The comparison result of nega-
tive impact degree is similar to that of positive impact de-

54
53

5.2

5 . °
PO L s i .
49 %
:
4.8
1 1.05 1.1 1.15 1.2 1.25 1.3 1.35
fnm (yuan)
a
0.7
.
.
0.6
.
3 .
0.5 . .
- .
% .
£04 £
S il ¥8 .
. . ®
0.3
o o®
0.2 g
0.1 -
1 1.056 1.1 1.156 12 1.25 13 1.35
foeo (YUan)

Fig. 8 Optimization results of EMS

51

54

53

5 )
.
. a . ° 2

49 4 .

% .

.
4.8
0.1 02 0.3 04 0.5 0.6 0.7
J7(m/s?)
C

Fig. 8 Continuation

gree, so it is no longer given. Since these solutions are fea-
sible, but considering that the dynamic performance should
be good and the economic performance and smooth perfor-
mance should be as good as possible, the final Pareto opti-
mal solutions selected is:

X = (igq gz gs g 1K Ky K5 ) =

=(2.3805,1.1,0.8084,4.7824,107,5.01,39.8927). (10)

4.2. Results comparison and analysis

The optimal solution was simulated on the Silulink
platform, and the results were compared with traditional op-
timization, as shown in the Fig. 9.

In this paper, the dynamic performance of the ve-
hicle is evaluated by an acceleration time of 100 kilometers.
At the same time, the gear shift plan is used to limit only
once gear shift in the acceleration phase. It can be seen from
the figure that the optimized acceleration process and accel-
eration time have been significantly improved.
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Fig. 9 Acceleration curve

We can see that in the SOC comparison figure, the
optimized power consumption is higher than that before op-
timization, because it can be seen from the economic objec-
tive function (1) that power consumption is more cost-effec-
tive than fuel consumption. Therefore, on the premise of
meeting the driver's torque demand, the consumption of
MG?2 should be increased as much as possible to improve
the economy.
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The Fig. 12 shows the comparison of mode transi-
tion frequency before and after optimization under the
NEDC condition. It is noted that in the dotted line frame,
frequent switching of OEM—~ENA—EMI1S—OEM—
EM1S—OEM—EMI1S—ENA appears in the final subur-
ban segment before optimization, and the optimized result
significantly reduces the frequency of mode switching,
which can effectively improve driving comfort.
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The comparison between the optimal results and
the original results is shown in the following Table 4.

Table 4
Comparison of optimization results

Parameter Pre-optimization Optimized | Optimized

results results percentage
tace, S 5.146 4.865 5.5%
feco, yuan 1.3138 1.11 15.5%
fs, m/s? 0.583 0.3643 37.5%
fr, Hz 0.0996 0.0339 65.9%

In order to further verify the generality of the en-
ergy management strategy proposed in this paper, the four
comprehensive conditions including NEDC, UDDS, FTP
and WLTC were used for verification. The comprehensive
working conditions are shown in the Fig. 13.

As can be seen from the figure above, the engine
start-stop, acceleration and deceleration of the comprehen-
sive working condition are more frequent. The regularity of
the vehicle cycle is worse. However, under the EMS and op-
timized parameters proposed in this paper, good speed
tracking can still be maintained. The results show that the
optimized vehicle has good dynamic performance.

Through the engine's work points distribution map,
under the comprehensive working condition, the optimized
engine working points are mainly distributed in low-power
areas, and the motor charging is used to ensure that the en-
gine can work in the high-efficiency range as much as pos-
sible.

Through the operating points distribution diagram
of MG1, it can be seen that the MG1 works less due to the
multiple use of the engine before optimization. After opti-
mization, the operating points are concentrated in the middle
and high speed, middle and low torque, and the working ef-
ficiency can be guaranteed to be high.

And in the operating points distribution diagram (b)
of MG2, after optimization, except for part of the working
points distributed in the low speed and low torque area
caused by the use of the motor during startup, the rest are
distributed in the middle and low speed area, which can en-
sure the efficient operation of MG2.

We can see from the above diagram that under the
comprehensive working conditions, the vehicle still focuses



on power consumption while meeting the power demand, so
as to get the best economic performance. Finally, through
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the calculation of economic objective function, the eco-
nomic performance is 6.0489 yuan before optimization and
5.0093 yuan after optimization.
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The figure above (a) is the mode switching dia-
gram under the comprehensive working condition before
optimization, and (b) is the mode switching diagram after
optimization. In the figure, the obvious part of the optimiza-
tion result is magnified, which is more convenient for ob-
servation. It can be seen that under the comprehensive work-
ing condition, using the energy management strategy pro-
posed in this paper, the engine start stop frequency and mode
switching frequency are obviously reduced.
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According to the comfort objective function calcu-
lation, the mode transition frequency is 0.1253 Hz before
optimization, 0.1101 Hz after optimization, and the fre-
quency is reduced by 12.1%; Through the calculation of ride
smooth objective function, the average positive impact de-
gree is 0.4430 m/s3, the negative impact degree is -
0.2735 m/s* before optimization, and the optimized results
are 0.4058 m/s* and -0.2604 m/s* respectively, 8.4% and

4.8% lower, respectively
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Table

5

Comparison of optimization results under comprehensive

conditions
Parameter Pre-optimization Optimized | Optimized
results results percentage
Jeco, yuan 6.0489 5.0093 172 %
fs, m/s? 0.4430 0.4058 8.4 %
f» Hz 0.1253 0.1101 12.1 %

5. Conclusion

In this paper, a multi-objective dynamic optimiza-
tion method is proposed, compared with the traditional op-
timization method, this method completes the two-layer
real-time dynamic optimization and added a comfort objec-
tive function, and smoothness was used as a constraint con-
dition to optimize the logic threshold and the transmission
ratio. Completed decoupling the parameter of the driveline
and the control strategy, and the final-result can reach the
global optimum. Consider the mode transition at the begin-
ning of parameter design, reduce the workload for later pa-
rameter matching and calibration, and improve the work ef-
ficiency of later vehicle improvement. In the selection of
optimization parameters, the threshold of high efficiency
working area of engine is considered, which effectively re-
duces the frequent start and stop of the engine and ensures
that the working points fall in the high efficiency range as
much as possible. The results show that the multi-objective
dynamic optimization method considering mode transition
can effectively reduce the mode transition frequency com-
pared with the traditional method. Also effectively improve
the dynamic performance, economic performance and com-
fort performance. This paper is a useful reference for study-
ing the comprehensive performance and mode transition fre-
quency of multi-mode hybrid electric vehicles. It also pro-
vides ideas for the optimization of hybrid powertrain param-
eters.
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K. Huang, Zh. Tang, M. Qiu, D. Wu, B. Zhang

RESEARCH ON MULTI-OBJECTIVE PARAMETER
DYNAMIC OPTIMIZATION DESIGN OF HEV CON-
SIDERING MODE TRANSITION

Summary

The parameter optimization of hybrid electric
vehicle is very complex and has always been the focus of
research, due to the highly intertwined relationship between
powertrain configurations and EMS. In addition, automated
powertrain is typical cyber-physics system that contains
discrete states, such as modes and gears. Transition between

discrete states is a contributing factor that causes discomfort.

Therefore, in order to solve the above problems, this paper
proposes a multi-objective dynamic optimization algorithm
considering mode transition. The algorithm consists of two
layers. The first layer optimizes fuel economy and dynamic

(CMOoN
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performance, the second layer optimizes ride comfort and
smoothness performance, and the results of the second layer
are returned to the first layer for re-optimization in real time.
The mode transition frequency is used as the comfort
objective function, and the threshold value of the engine
high efficiency working area is added to the optimization
parameter selection. The results show that the optimization
method proposed in this paper realizes the parameter
decoupling, and the optimization results achieve the global
optimization. Effectively improves the vehicle performance
and reduces engine start-stop frequently.

Keywords: multi-objective dynamic optimization; decou-
ple; mode transition; ride comfort; fuel economy.
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