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This paper establishes a mathematic model of composite braking in the hydraulic hybrid vehicle and analyzes the constraint con-
dition of parallel regenerative braking control algorithm. Based on regenerative braking system character and ECE (Economic
Commission of Europe) regulations, it introduces the control strategy of regenerative braking in parallel hydraulic hybrid vehicle
(PHHYV). Finally, the paper establishes the backward simulation model of the hydraulic hybrid vehicle in Matlab/simulink and
makes a simulation analysis of the control strategy of regenerative braking. The results show that this strategy can equip the hydraulic
hybrid vehicle with strong brake energy recovery power in typical urban drive state.

1. Introduction

Regenerative braking is an important technology of the
hybrid vehicles that appeals to very strong research interests
all over the world [1-5]. Research on control strategy is one
of most important topics of regenerative braking and can be
roughly categorized into two types according to the propose
of research. One is to enhance the braking performance and
driving comfort. The other is to improve the regenerative
efficiency and to save resources. Almost the present research
concentrates on regenerative braking in many of electric
vehicles (EV), hybrid electric vehicles (HEV), and plug-in
hybrid electric vehicles. A mass of solutions in regenerative
braking system control have been carried out. For example,
Kim et al. [6] and Peng et al. [7] put forward two regenerative
braking strategies based on the fuzzy control to pursue high
regenerative efficiency and good braking performance. The
simulation results indicated that both regenerative braking
control strategies could increase the fuel economy for HEV
and improve vehicle stability. Oh et al. [8], Jo et al. [9], Zhang
et al. [10], Moreno et al. [11], and others have carried out
research studies in this field as well. Nevertheless, pieces of
the literature devoted to hydraulic hybrid vehicle (HHV) are
relatively scarce. Wu et al. [12] proposed a strategy for passen-
ger cars based on dividing the accumulator volume into two

parts, one for regeneration and the other for road-decoupling.
Hui et al. [13] presented a fuzzy torque control strategy based
on vehicle load changes for real-time controlling the energy
distribution in PHHV. Though they proposed a methodology
of braking to improve the fuel economy in a typical urban
cycle, the braking characteristics were not investigated deeply.
What is more, the efficiency of brake energy recovery and
the distribution of braking force were not considered and
optimized at all. The design of regenerative braking strategy
in HHV remains a problem yet. Compared with electrified
vehicles, HHV has some advantage, particularly for vehicles
containing hydraulic equipment on board [14]. For instance,
hydraulic accumulator is of higher power density and ability
to accept the high rates and high frequencies of charging
and discharging [15]. Besides, the service life of a hydraulic
accumulator as the storage is more than a battery. Therefore,
HHYV has a greater potential than electrified vehicles, and
the research on that makes much sense. Generally, there
are two types of hydraulic hybrid systems: parallel hydraulic
hybrid vehicle (PHHV) and series hydraulic hybrid vehicle
(SHHV). PHHYV uses a traditional mechanical drive train
with hydraulic pump/motor unit inline between the trans-
mission and axle [16]. The configuration of PHHYV is simpler
than that of SHHV and easier to be refitted. Therefore, PHHV
occupies large proportion of HHV at home and abroad.



However, it is hard for PHHV driven by rear wheel to obtain
a good braking stability as well as an effective regenerative
energy recovery. One reason for this phenomenon is that the
rear wheel is easy for locking when the hydraulic regenerative
braking force is exerted on the back axle. Therefore, when
the hydraulic braking force is strong enough, the back-axle
utilization adhesion curves may surpass the constraint of ECE
(Economic Commission of Europe) regulations, resulting
in the premature rear lock and decline in the utilization
adhesion coefficient. To cope with this situation, the paper
puts forward the control strategy of regenerative braking in
the parallel composite braking system, which consists of the
conventional fictional braking system and hydraulic regener-
ative braking system. The control strategy is revised according
to the external character of the parallel composite braking
system and ECE regulations. The simulation results demon-
strate its effectiveness in improving the brake energy recovery
in typical urban drive state.

2. Configuration of PHHV

This rear-wheel-drive hydraulic hybrid vehicle, shown in
Figure 1, consists primarily of an internal combustion engine,
a high pressure accumulator, low pressure reservoir, and a
variable displacement hydraulic pump/motor unit. The pri-
mary power source is the same diesel engine used in the
conventional vehicle. The transmission, propeller shaft, and
the differential and driving shaft are the same as those in the
conventional vehicle. The hydraulic pump/motor is coupled
with the propeller shaft via a torque coupler [17, 18]. The basic
parameters of the parallel hydraulic hybrid vehicle studied in
this paper are as shown in Table 1.

During deceleration, the hydraulic pump/motor decel-
erates the vehicle while operating as a pump to capture the
energy normally lost to friction brakes in a conventional
vehicle. Also, when the vehicle brake is applied, the hydraulic
pump/motor uses the braking energy to charge the hydraulic
fluid from a low pressure hydraulic accumulator into a high-
pressure accumulator, increasing the pressure of the nitrogen
gas in the high pressure accumulator. The high pressure
hydraulic fluid is used by the hydraulic pump/motor unit to
generate torque during the next vehicle launch and accelera-
tion [19-21]. It is designed and sized to capture braking energy
from normal, moderate braking events and is supplemented
by friction brakes for aggressive braking.

Ignoring the vehicle rolling resistance moment, the front
wheel braking force Fy; and the rear wheel braking force Fy,
are given by the following, respectively:

¢ (Gb +m (du/dt) h, - (CpAu’/21.15) h,)

Fp = T :
@
F,-? (Ga — m (dufdt) hy + (CpAu?/21.15) h,)
7 :
2)

where ¢ is the adhesion coefficient between tire and road
surface, G is the vehicle gravity (N), m is the vehicle quality
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FIGURE 1: Configuration of PHHV.

TABLE 1: Basic parameters of PHHV.

Name Parameter
Wheel radius 0.28 m
Maximum weight 1795kg
Complete vehicle kerb mass 865kg
Final drive axle ratio 4129
Volume of the hydraulic accumulator 25L1
Filling pressure of the hydraulic accumulator 12 MPa
Maximum working pressure of the hydraulic 31 MPa
accumulator

Minimum working pressure of the hydraulic 15 MPa
accumulator

Torque coupler gear ratio 13
Hydraulic pump/motor capacity A4VG56/56 mL/r

(kg), a is the distance from vehicle center of gravity to front
axle center line (m), b is the distance from vehicle center of
gravity to rear axle center line (m), L is wheel base (m), hg is
the height of the center of gravity (m), Cp, is the air resistance
coefficient, A is the frontal area (m?), u and is the vehicle
speed (m/s).

3. Design of Parallel Regenerative
Braking Control Algorithm

During the composite braking, the brake severity is usually
set at 0.1~0.7. After this phase, the regenerative braking force
on the rear wheel, will rise, which will raise the utilization
adhesion coeflicient of the rear wheel whereas that of the
front wheel goes down. As a result, the utilization adhesion
coefficient on the rear wheel tends to surpass the constraint
of ECE regulations, while the front wheel tends to be safer,
with the possibility of lock being lowered in a further way.
In order to ensure the vehicle braking performance,
ECE regulations demand the following: when the adhesion
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coeflicient ¢ is between 0.2 and 0.8, the braking severity is
z > 0.1 +0.7(¢p — 0.2); thus, the following is gained:

v <z+0.04(a—zhg)G
2= 07 L

Fxbl =Gz _Fbe'

>

(3)

As shown in Figure 2, the maximum rear wheel braking
force curves are depicted in the wheel braking force distribu-
tion diagram, where line OC denotes line 3, over which the
ideal wheel braking force distribution line I lies. The vehicle
synchronization adhesion coefficient is 0.75. The regulations
can be satisfied with the ignorance of the regenerative braking
system character. Line AB in the figure denotes the composite
braking phase when the energy can be recovered to the largest
degree, and OA is the biggest braking force during the pure
regenerative braking. In order to prevent the premature lock
of rear wheels during massive braking (z > 0.7) of the vehicle,
the right boundary line goes down along with the line r where
brake severity is 0.7, as is shown in Figure 2 as line BC.

In the composite braking phase shown in Figure 2, the
braking force on front and rear wheels is as follows:

Foup = K (Fg +0.115G)

» (0.1 <z<z),

Fg, = b1 T
. L+0.7h, * L+0.7h,

(25 <2<0.7),

(4)
where zj; is brake severity corresponding to point B, K is slope
of line AB.

Here K = 1.1407, zg = 0.45. After the revise according to
points A and C, the limit values of braking severity z are 0.127
and 0.715. The regenerative braking force F, ;,, can be gained
by the regenerative braking control algorithm:

(T,

m G z<0.127,
p
G(z-0.115K
b= )Gy GEZOIBK) 0.127 < z < 2,
p/m 1+K)B
Gz(L+0.7h,) - 0.7Ga
Gz - , 2z <z<0.715.
{ LB

)

After the concrete parameters of the hydraulic hybrid vehicle
are input into the above equations, the relation in conditions
of different brake severity and hydraulic accumulator pres-
sure between regenerative braking system character and the
algorithm distribution results is gained, which is depicted in
Figure 3. As is shown in the figure, when hydraulic accu-
mulator pressure is relatively lower and the brake severity
z < 0.1 and z > 0.5, the regenerative braking distribution
result is that the demanded regenerative braking force is lower
than regenerative braking system character, proving that the
regenerative braking power of the system has not been fully
performed. In the phase of 0.1 < z < 0.5, the regenerative
braking power is far from the requirements of the algorithm.
Therefore, it is necessary to add character constraint of the
regenerative braking system.
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FIGURE 2: Brake force distribution curves of PHHV.
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FIGURE 3: Relation between regenerative braking system character
and algorithm distribution results.

4. The Parallel Regenerative Braking Control
Algorithm Based on Regenerative Braking
System Character and ECE Regulations

The regenerative braking force is linearly related with
hydraulic accumulator pressure. Therefore, the basic thought
of control algorithm is that before the distribution of each
time the maximum braking power F,;, 1, of the regener-
ative braking system is confirmed according to the driving
speed and hydraulic accumulator pressure; the pure regen-
erative braking is adopted when the total braking force
demand F4 corresponding to braking severity z meets the
condition of Fyqy < F,m mo otherwise, the composite
braking is adopted. In the process of composite braking, the
regenerative braking force will be preferential for use, and the
frictional braking force will supplement the rest. The detailed
process of algorithm distribution is as follows.



(1) According to target brake severity, the total braking
force demand is calculated as F,j; = Gz. The max-
imum regenerative braking power F p/m.max At the
moment of the hydraulic pump/motor is gained by
referring to the pressure phenomena of the accumu-
lator.

(2) If Fyjm_max = Fya> the braking force will be fully pro-
vided by the hydraulic pump/motor, when F, . = F4
and both the front wheel frictional braking force F;
and the rear F, will be 0.

3)If F < Fyq, the frictional braking force on

/m max
front and rear wheels goes up along with line f3, when
the regenerative braking force is F,/, = Fp/m mao

the frictional braking force on rear wheels is F, =
(1=B)(Foq—Fp/m_max)> and the hydraulic braking force
on front wheels is Fy = B(Fyq — Fy/m_mayx)- Therefore,
the regenerative braking force during braking can be
gained and is shown in Figure 4, while the simultane-
ous simulation results of front and rear axle utilization
coeflicients are in Figure 5.

According to Figures 4 and 5, as the algorithm ensures
the maximum regenerative braking power in the first place,
the braking force distribution surpasses the constraint of ECE
regulations, resulting in the necessity of adding ECE regu-
lations constraints into the algorithm. After the calculation,
the relation between the maximum limiting line of ECE reg-
ulations to rear wheel braking force and the front-rear force
distribution line in the phase of the maximum algorithm
regenerative braking force is shown in Figure 2.

It can be seen from Figure 2 that line AD which denotes
the basic algorithm distribution is beyond ECE regulations.
Thereby, taking point D, for example, the distribution results
should be revised onto the point E intersected by ECE line and
the corresponding equal-braking-severity line. The detailed
revise algorithm is as follows.

(1) The regenerative braking power F,, ., should be
gained from pressure phenomena of hydrauhc accumulator
by referring to the target brake severity z and the total braking
force demand F4.

(2) If Fy/mm_max = Fyg> from the following equations

Fo, = K(Fy, +0.115G)

(6)
0 = GZ - Fxbl’

F.4, = Fg,a can be gained, where F;,, denotes the rear
wheel braking force corresponding to point A.

If Fy /i max < Fupoas the braking force will be completely
prov1ded by regenerative braking, when the regenerative
braking moment is T}, = Fpq/r and the front wheel fric-
tional braking force F; and the rear F, are both 0, which
should be revised otherwise. The detail is as follows.

If0 < z < 0.127, the regenerative braking moment is
Ty/m = Fua/r and both the front frictional braking force Fy
and the rear F, are 0.
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FIGURE 4: The results of the algorithm allocation based on the con-
strained regenerative braking system.

If0.127 < 2 < 0.2,
F» = K (Fy, +0.115G),
F¢=Fg) =Gz - Fy,,
B @)
Ff = l—ﬁFr,
Fm = de_Fr_Ff'
If0.2 < z £ 0.45,
z+0.04(a-zh,)G
0.7 L
F¢=Fyg) =Gz - Fy,,
P g
1-p
F, =F4—F - F;.

Fxh2 =

(8)
Fp =

If0.45 < z < 0.715,
0.7hg

0.7Ga
Fo=-—— 9 F_  +
2L+ 07k,

L+0.7h,
Ff = bl =Gz-F xb2>

P g
1-p
Fm :de_FT_Ff'

)
Ff =

() Iy max < Fpa» the predistributed front-rear wheel fric-
tional braklng force rises along line f3. The regenerative brak-
ing force is F,,, p/m.max> While the rear wheel frictional
brakmg force 1s F = (1 = B)(Fpq = Fy/m_max) and the front is
ﬂ (F bd ™ p/ m_ max)
If 0 < z < 0.127, the regenerative braking force is F,,
F,.> while the rear wheel frictional braking force is F, = (1 -
B)(Foq = Fyjm_max) and the frontis Fr = f(F,qg —

p/m,max)'
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F4, = F,p can be gained, where F,;,; denotes the front
wheel braking force corresponding to point E. If the predis-
tribution resultis Fx > F,,p, the revise is not necessary, while
this is needed otherwise. The revise results are as follows

F, = K(Fy,; +0.115G),

F¢=Fg) =Gz - Fy,,

B

1-8"

=Fyqg—-F -

r

D
Fp =

F

p/m Ff'

F¢=Fy) =Gz - Fy,,

" ie can be gained, where F,;;; denotes the front
wheel braking force corresponding to point E. If the predis-
tribution resultis Fy > Fy,5, the revise is not necessary, while
this is needed otherwise. The revise results are as follows

Egp = ﬂpxbl + ﬂ’
L+ 0.7hg L+ O.7hg

Fog, =

F¢=Fg) =Gz - Fy,,

B

F —

r

(15)
Fp =

F,

o/m = Fod =

Fy.
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FIGURE 7: Simulation results of revised front and rear axle utilization coefficients.
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FIGURE 8: The vehicle adhesion efficiency based on parallel regener-
ative braking.

The results of braking force distribution revised according to
ECE regulations are shown in Figure 6, and the utilization
adhesion coefficient curves are shown in Figure 7.

The comparisons between Figures 4 and 6 as well as
Figures 5 and 7 show that the revised zone is relatively large
and the distribution results after revise can satisfy the re-
quirements of both regenerative braking system and ECE
regulations.

According to Figure 2 which tells the distribution phe-
nomena, on the condition of the remaining braking force
ratio 3, ECE regulation limits can be easily exceeded if the
parallel regenerative braking control algorithm without revise
by ECE is adopted, aiming to fully perform the regener-
ative braking power. Although the braking force distribu-
tion results revised according to ECE regulations meet the
requirement of the regulations, the braking energy recovery
efficiency is affected, however, resulting in the necessity of
rematch to the braking force ratio 3 to improve the safety and
energy recovery efficiency of hydraulic hybrid vehicles.

According to Figure 7, in order to recover the braking
energy to the largest degree, the rear axle will be preferentially
exerted on regenerative braking force; thus, the utilization

adhesion coefficient on the rear axle is above that of the front.
Therefore, the rear wheels will lock every time before the
front ones, which is a dangerous condition. Hence, the hybrid
vehicle driven by rear wheels must be equipped with ABS
(antilock brake system), which controls the performance of
regenerative braking system. At the same time, however, the
vehicle adhesion efficiency should satisty the requirement of
regulations of & > 0.75.

The vehicle adhesion efficiency when braking is depicted
in Figure 8. When the vehicle brakes on the road with
extralow adhesion coefficient (below 0.3 in the figure), the
adhesion efficiency will be ¢ < 0.75. Therefore, if the road
adhesion coefficient is lower than 0.3, the parallel composite
braking system will checkout the information about the road
adhesion phenomenon though ABS and the regenerative
braking system controller, and then it stops exerting regen-
erative braking force at the right time.

5. Simulation Research

Vehicle control model is the core of control strategy. Based
on the requirement of driving cycle, the total torques are
distributed among engine, hydraulic accumulator, hydraulic
pump/motor, and the friction brake system reasonably. Vehi-
cle control model consists of regenerative braking system,
energy release system, and active stamping system, as shown
in Figure 9.

Based on the algorithm above, the model of braking
force distribution on hydraulic hybrid vehicles is set up in
Matlab/Simulink and shown in Figure 10.

In order to verify the rationality and validity of the
regenerative braking strategy discussed in this chapter, the
parallel regenerative braking control strategy is adopted, and
1015, NYCC, and UDDS drive states are chosen to make
the simulation study of brake energy recovery. After the
road being set with high adhesion coefficient, the simulation
results are achieved and shown in Table 2. Meanwhile the
results of the evaluation of driving cycles with strategy of the
ADVISOR in [22] are cited and shown in Table 3.

According to Table 2, the control strategy of regenerative
braking in the hydraulic hybrid vehicle discussed in this
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paper can achieve the brake energy recovery to the largest
degree based on the brake security. The brake energy recovery
efficiency in 1015, NYCC, and UDDS is, respectively, 73.5%
75.25%, and 60.60%.

Compare the results in Table 2 with those in Table 3; it is
not hard to find that the control strategy of regenerative brak-
ing in the hydraulic hybrid vehicle discussed in this paper can
achieve more brake energy recovery than the strategy of the
ADVISOR cited in [22].

6. Conclusions

Based on the higher power density and lower energy density
of the hydraulic accumulator as well as the characteristics of
the urban state, this paper puts forward the control algorithm
of parallel composite braking in the hydraulic hybrid vehicle
driven by rear wheels. By means of revise, the composite
braking was controlled just within the requirements of ECE
regulations. Therefore, based on the ensured brake security,
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TABLE 2: The results of brake energy recovery rate in different drive states with the proposed strategy.

Drive state Average accelf:zration Brake severity Brake energy Brake energy recovery rate
[ (m-s™) z <0.1 (%) E, (kWh) &, (%)

1015 0.57/-0.65 96.2 0.2256 73.5

NYCC 0.62/-0.61 75.5 0.04 75.25

UDDS 0.51/-0.58 74.5 2.731 60.60

TABLE 3: The results of the evaluation of driving cycles with strategy of the ADVISOR.

Drive state Traveling distance Brake energy Regenerative braking efficient Brake energy recovery rate
(Km) (kJ) (&J) (%)

1015 4.2 660 367 56

NYCC 1.9 614 302 49

UDDS 12 1856 1017 55

the algorithm designed can enlarge the regenerative braking
ratio to the utmost in the phase of composite braking,
improving the brake energy recovery power of the vehicle at
the end.
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