Journal of Power Electronics, Vol. 19, No. 2, pp. 549-559, March 2019 549

JPE 19-2-20

https://doi.org/10.6113/JPE.2019.19.2.549
ISSN(Print): 1598-2092 / ISSN(Online): 2093-4718

Adaptive Sliding Mode Control with Enhanced
Optimal Reaching Law for Boost Converter Based
Hybrid Power Sources 1n Electric Vehicles

Bin Wang®, Chaohui Wang™™, Qiao Hu", Guangliang Ma"", and Jiahui Zhou™"

"*Shaanxi Key Laboratory of Intelligent Robots, Xi'an Jiaotong University, Xi’an, China
“*State Key Laboratory for Manufacturing Systems Engineering, Xi'an Jiaotong University, Xi'an, China

Abstract

This paper proposes an adaptive sliding mode control (ASMC) strategy with an enhanced optimal reaching law (EORL) for the
robust current tracking control of the boost converter based hybrid power source (HPS) in an electric vehicle (EV). A conventional
ASMC strategy based on state observers and the hysteresis control method is used to realize the current tracking control for the
boost converter based HPS. Then a novel enhanced exponential reaching law is proposed to improve the ASMC. Moreover, an
enhanced exponential reaching law is optimized by particle swarm optimization. Finally, the adaptive control factor is redesigned
based on the EORL. Simulations and experiments are established to validate the ASMC strategy with the EORL. Results show that
the ASMC strategy with the EORL has an excellent current tracking control effect for the boost converter based HPS. When
compared with the conventional ASMC strategy, the convergence time of the ASMC strategy with the EORL can be effectively
improved. In EV applications, the ASMC strategy with the EORL can achieve robust current tracking control of the boost converter
based HPS. It can guarantee the active and stable power distribution for boost converter based HPS.
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I. INTRODUCTION

Hybrid power sources (HPSs), which consist of batteries
and supercapacitors (SCs), have significant performance
advantages in terms of high-power density and high energy
density [1], [2]. HPSs have been extensively used in electric
vehicles (EVs) [3], [4], electric urban buses [5], hybrid EVs
[6], etc. Generally, HPSs use DC-DC converters such as buck,
boost and buck-boost to connect batteries and SCs [2], [7]-[9].
From all of these HPSs, boost converter based HPSs can
provide a high-voltage output to reduce the system energy
losses of the electric drive systems in EVs or hybrid EVs [2],
[10], [11]. At the high-voltage output side of boost converter
based HPSs, SCs can directly absorb extra energy or provide
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peak power to motor inverters. As a result, batteries can be
isolated from the high frequency charge-discharge at the low-
voltage side so they can be easily managed [3], [4]. For the
boost converter based HPSs in EVs, the output current of the
batteries can be regulated with the boost converter, which
achieves an active and stable power distribution between
batteries and SCs [12]. Hence, robust current tracking control
of the boost converter is of critical importance for boost
converter based HPSs [13], [14]. To ensure robust current
control and to achieve active power distribution between the
batteries and the SCs, the control strategy should deal with the
un-modeled dynamics and unknown disturbances of boost
converter based HPSs [3].

It is very challenging to design control strategies for the
boost converter based HPSs in EVs since un-modeled
dynamics and disturbances of the boost converter cannot be
accurately estimated [3], [15]. In addition, the SC pack is
paralleled with the load. It can be considered as a variable load
at the output side of the boost converter [3]. If a controller of a
boost converter is designed based on the conventional
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proportional-integral (PI) control strategy, the overall system
stability of the boost converter based HPS might not be
guaranteed [4], [16]. For instance, a PI controller can achieve
high-performance current control for a boost converter based
HPS under some constant operating conditions [4]. However,
if the reference current demand of the boost converter based
HPS is changed, system parameter variations occur. In this
condition, the PI controller cannot adaptively adjust its control
factors in accordance with the parameter variations. Therefore,
fuzzy logic and neural network (NN) strategies were developed
to improve the PI control strategy [17], [18]. However, the
fuzzy logic strategy was designed on the basis of a limited
number of rules [19]. The effectiveness of this strategy should
be enhanced by using other optimization methods. For the NN
strategy used in boost converter based HPSs, the boundary
layer design is a big problem [18]. The boundary layer should
be designed based on unknown disturbances and un-modeled
dynamics. As a result, the NN strategy can be very complex.

In EV applications, it is expected that the control strategies
can be simply and effectively implemented in boost converter
based HPSs. To simplify the current tracking control strategy
of the boost converter based HPS, sliding mode control (SMC)
strategies can be introduced to improve the PI control strategy
[4]. In previous studies, various SMC strategies based on the
PI control strategy have been successfully developed for the
current tracking control of DC-DC converters [3], [4], [20].
These strategies can also be introduced into the current
tracking control of boost converter based HPSs, since SMC
controllers can improve the system robustness with an invariance
property to deal with system uncertainties and un-modeled
dynamics [21]-[23]. For instance, a SMC with a multi-resonant
sliding surface has been successfully used to deal with system
parameter variations [22]. On the other hand, the adaptive
SMC (ASMC) strategy was designed based on state observers,
which can effectively estimate load variations and unknown
external input voltage [23]. This strategy can achieve a robust
current control for boost converters. However, the sliding
surface was designed without an integral item. In [3], the
sliding surface of the SMC strategy was redesigned with an
integral item of the current error to achieve a better current
tracking control effect for the boost converter based HPS. The
convergence time of the current adjustment can be improved
with the redesigned sliding surface. For the SMC based on the
PI control strategy, the control parameters can be more easily
obtained according to the Lyapunov function [9], [24], [25].
The system stability can be guaranteed when the system state
reaches the sliding surface [17], [26].

For SMC controllers, the chattering problem caused by the
uncontrollable infinite switching frequency of sign functions
cannot be ignored [3], [20]. If this problem cannot be addressed
in boost converter based HPS applications, regular current
management of the battery pack cannot be assured. As a result,
battery degradation cannot be avoided [27]. What is worse, the

infinite switching frequency might damage the MOSFET
switches of the boost converter [4]. In previous studies, SMCs
with the H2/Hoo control method can achieve a constant switching
frequency [28]. In addition, hysteresis control (HC) methods
can alleviate the switching frequency [9], [29]. However, the
convergence time of SMC systems based on HC cannot be
effectively improved. Although the total SMC method can be
used to improve the convergence time, the lumped uncertainties
of the SMC system should be effectively estimated [30]. In [20],
the convergence problem was successfully resolved. Fractional
power was adopted in the reaching law of the SMC strategy to
deal with the voltage feedback error, which improves the
system convergence time. The fractional power included in the
sliding surface has an effect that is similar to that of
exponential reaching laws, which can achieve a fast response
speed when the system state is far away from the sliding
surface [31]. However, this can also reduce the response speed
when the system state is close to the sliding surface. Therefore,
the fractional power of the reaching law should be optimized
according to the different states of the sliding surface.

Particle swarm optimization (PSO) algorithms can be a good
choice for optimizing the reaching law [32], [33]. When
compared with other optimization algorithms, PSO algorithms
use multiple particle swarms rather than one particle to achieve
a multi-direction search for the optimal solution [34], [35].
Therefore, the search results quickly converge to the optimum
solution. In addition, PSO algorithms are also very suitable for
the combination optimizations in practical applications [31],
[35].

In this paper, an ASMC strategy with an enhanced optimal
reaching law (EORL) is proposed for the robust current
tracking control of the boost converter based HPSs in EVs. The
main contribution of the proposed ASMC strategy is that the
enhanced exponential reaching law is optimized by a PSO
algorithm. In addition, both the start-up and load variation
conditions of the boost converter based HPS are considered for
designing the PSO algorithm. Therefore, the system stability
of the boost converter based HPS can be guaranteed under
start-up and load variation conditions. The remainder of this
paper is organized as follows. In Section II, an average state-
space model of a boost converter based HPS is established.
Then, an ASMC strategy based on state observers and the HC
method is introduced in Section III. Section IV presents the
EORL design of the ASMC strategy. Simulation and
experimental results are discussed in Section V. Finally,
conclusions are given in Section V1.

II. MODEL OF A BOOST CONVERTER BASED HPS

Fig. 1 shows the boost converter based HPS and its control
scheme. It can be seen that the boost converter is the only
actuator for energy management of the boost converter based
HPS. The power-split supervisory controller gathers information
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Fig. 1. Boost converter based HPS and its control scheme.

of the battery voltage, the SC voltage and the load to calculate
the reference current of the boost converter.

By considering the input voltage and load variations, the
average state-space model of the boost converter based HPS
can be expressed as:

=D, an,) (1)
X, = (1-d) X = 1 X, )
C (R+AR)C

where X, is the average inductor current, d €(0,1) is the control
factor, X, is the average output voltage, and L and C
represent the inductance and capacitance, respectively. AV,
and AR represent variations of the input voltage ¥, andthe
load R, respectively.

By using 7, and G to replace the terms (¥, +AV,) and

in

1/(R+AR), (1) and (2) can be simplified as:

. 1-d V!

x]:_( I )x2+£1 3)
. (-4 G
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It should be noticed that (3) and (4) are similar to the average
state-space model of the boost converter. The differences are
the un-modeled dynamics and disturbances of the boost
converter based HPS. Thus, these differences should be
considered when designing the ASMC strategy.

III. ASMC BASED ON STATE OBSERVERS AND HC

Define the following sliding surface:
t
=0 =)+ A[ (n - &) di 5)

where k, and A are positive constants, and £=V>G'/V/

in

represents the estimate value of x,, x, —x,=X, .

The conventional reaching law is designed as

Uge =S=—ks(t)— psgn(s(t)) so that ss<0 can be

guaranteed. With this design, it is possible to obtain

—ks(t) — psgn(s(r))= —@E + %V X +A%

n

Therefore,

the average control factor can be calculated as follows.
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d=1

(6)
xZ
To calculate I;' and é' , the state observers are defined as
follows [3].
s (=d). Vi

X = I x2+f+a](xl_)el) @)

X, :(I—Cd)fcl _%)22+a2(x2_)22) (8

Based on the state observers and the average state-space

model of the boost converter based HPS, the adaptive laws can
be derived as follows [3].

G'= —Bx,X,, I/u: =px O]

To show the stabilization of the ASMC system, the
Lyapunov function is selected as:

V:lLif +1C5c§ +LG'2+LV§;2 (10)
2 2 28, 28,

The derivative of ¥ can be expressed as follows [3].

'

V =-a,Li’ - a,C%: - G5 - é’[x2f2+%]+ VIZ - Q] (11)
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1 2

According to (9) and (11), there is no doubt that ¥ <0 .
Therefore, the system stability can be guaranteed.

By combining (6) and (9), the adaptive control factor can be
calculated as:

_ AL% +V, — Lug, +L Vrgt

(élﬁZ'il / I}zllz +ﬂlx2i2 / I}1;

X,

d=1

) (12)

Notice that the sign function psgn(s(f)) in the item
Ug,-=—ks(t)— psgn(s(¢)) may lead to a chattering deviation,
which is a drawback of the system stability. To reduce system

chattering, the HC method is used to manage the sign function
sgn(s(?)) , as shown in Fig. 2. With this design, the sign

function can be eliminated if |s(t)| <0.01. This can effectively
reduce the system chattering caused by psgn(s(¢)) . Moreover,
the control precision cannot be degraded since |s(t)| is very

small and has little adverse effect on the control system. If
|s(t)| > 0.1, the sign function can be activated to improve the

regulation speed of the ASMC controller.

In previous studies, both boundary control and HC methods
were introduced to solve the chattering problem [4], [17], [36].
However, for the boundary control, the stability inside the
boundary layer cannot be assured [17]. Based on the above
analysis, the HC method is chosen to deal with the sign
function so that the chattering phenomena caused by
psgn(s(?)) can be effectively suppressed.
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Fig. 2. HC design for the sign function.

IV. ASMC WITH THE OPTIMAL REACHING LAW

A. A. Redesign of the Reaching Law

The reaching law design is very important for the transient
response of ASMC controllers. For the conventional ASMC
strategy, the reaching law is g, =s=—ks(t) — psgn(s(?)) .
However, the conventional reaching law cannot reflect the
control effect of fractional power. In [20], the fractional power
is introduced into the reaching law to improve the convergence
time. It can improve the response speed of the current control
during load changes. The fractional power can also be
introduced to design enhanced exponential reaching laws. In
this paper, the proposed reaching law is:

Ugye=S =—hys” _kz|5|ﬂ sgn(s) — &sgn(s) (13)

where k, k,>0,0<f <1 isthe fractional power, and «
should be designed with a positive odd integer.

The proposed reaching law can be divided into two parts,
ie, §=—ks“—esgn(s) and s,=—k,|s|” sgn(s). Therefore,
the redesigned reaching law can also satisfy ss<0 . The
fractional power in the exponential reaching law
§,=—k, |s|ﬁ sgn(s) can be used to improve the response speed
when the system state is far from the sliding surface. On the
other hand, it can also reduce the response speed when the
system state is close to the sliding surface. However, the
integer power in the exponential reaching law
§,=—ks* —esgn(s) can compensate the control effect. Based
on the redesigned reaching law, the final adaptive control
factor can be calculated as:

! L(ks”+k, |s|ﬂ sgn(s)+esgn(s) + Ax,)
X
Va _LVrZr(_GA/ﬂzil / VAI')’TZ - pix, %,/ [}z; )

X,

d=

(14)

According to (14), a constant-frequency PWM signal can be
used to control the MOSFET of the boost converter. That is to
say, the sliding mode controller is used to calculate the final
adaptive control factor to control the MOSFET of the boost
converter. Therefore, the uncontrollable infinite switching
frequency of the duty ratio caused by chattering can be avoided.

Moreover, the HC function is used to deal with the sign
function sgn(s(¢)), as shown in Fig. 2. When [s(1)| <0.01,

the reaching law in (13) is changed to u,,.=—ks(t) , which
does not have the sign function. With this design, the
chattering phenomena of the duty ratio caused by the sign
function can be effectively suppressed.

For the sliding surface in (14), a non-linear sliding surface
design with an exponential term might lead to a better control
effect when compared with the conventional sliding surface.
However, the non-linear sliding surface might lead to a
singularity problem. Therefore, a conventional sliding surface
with an integral term is designed. To have a similar control
effect to that of a non-linear sliding surface, the reaching law
in (13) is designed with exponential terms. Notice that the
design of the exponential gains « and g is related to the
convergence time. For example, the fractional power in the
exponential reaching law s,=— £, |s|” sgn(s) can be used to

improve the convergence time when the system state is far
from the sliding surface, while it can also reduce the response
speed when the system state is close to the sliding surface [31].
In addition, the exponential gains « and S can affect the
current amplitude irregularly. Therefore, PSO is used to
optimize the exponential gains and to improve the convergence
time.

B. Optimization of the Reaching Law

The redesigned reaching law in (13) includes an integer power
part and a fractional power part. Five parameters, i.e., three control
gains (k,, k, and &) and two exponential gains (¢ and f)
should be designed. In practical applications, k,, k, and ¢
can affect the convergence time and the current amplitude of the
boost converter based HPS. Although a large value design of the
parameters k,, k, and & can improve the convergence time, a

large current amplitude caused by the large value design of £,
and k, as well as the chattering phenomena caused by the sign

function esgn(s) might occur. Actually, & and k, can be

designed according to the PI algorithm. ¢ should be
conservatively designed [4].

The key to the design is to define the exponential gains «
and A . Simulation results of the boost converter based HPS
controlled by the ASMC strategy with different designs of «
and g are shown in Fig. 3. It can be seen that the exponential
gains have an obvious effect on the system dynamic response.

In Fig. 3, a high current amplitude occurs when the two
exponential gains are designed as a=7and S=0.5. As a
comparison, the current amplitude can be significantly
improved when the two exponential gains are designed as
a=3 and B=0.37.However, it can be known from Fig. 3

that the current amplitude cannot be regularly improved by
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Fig. 4. Physical significance of the PSO goal function.

increasing or decreasing the two exponential gains. In fact, the
two exponential gains can irregularly affect the current
amplitude. Therefore, the two exponential gains should be
optimized with a stochastic optimization algorithm.

The PSO algorithm is a good stochastic optimization
algorithm [34], [35]. This algorithm uses multiple particle
swarms to achieve a multi-direction search for the optimal
solution. Therefore, the search results quickly converge to the
optimum solution. It is known that the two exponential gains
in the reaching law affect both the current amplitude and the
convergence time. Therefore, the global optimization goal of
the PSO algorithm in this paper is designed as:

t
J(@ ) =min([ [x -

dr) (15)

where o' and f are the optimal values of o and g, and

x,"®" is the target value of x,. ¢ is the convergence time of

the proposed ASMC system.
The PSO goal function is designed based on the real-time
error of x, and the convergence time. It should be noticed

that both start-up and load variation conditions are considered
for the PSO algorithm. According to [4] and [9], if the ASMC
strategy can deal with un-modeled dynamics and unknown
disturbances of the boost converter based HPS under start-up
and load variation conditions, the output current accurately
tracks the reference current even if the reference current is
continuously changed. The physical significance is shown in
Fig. 4. The final goal is to obtain the smallest shaded area.
For each particle i and dimension j of the proposed

Start

v

Initialize the particle swarm

.l
Y
Evaluation of fitness value

'

Update particle best and global best

!

Update the particle velocity and
the position

s the global optimization
goal satisfied or the maximum
iterations finished ?

End, optimal values of the two exponential
gains can be obtained

Fig. 5. Flow chart of a PSO algorithm.

PSO algorithm, the velocity and position of the particles can
be updated as:

k+1__ k k k k k
v; " =@v; +crand(pbest; —x;) + c,rand(gbest; — x;) (16)

X =xp 4 A (17)

b

Step 1: The particle swarm of the PSO algorithm is
initialized with a population of random particles
and velocities. « is designed in the region [1],
[11], while g 1is designed in the region [0.01,
0.99].

The fitness value is evaluated based on (15). On
this basis, the minimum results and the related
values of & and g can be obtained.

Step 2:

Step 3: If the fitness value is better than pbest; in the

history, the current value is defined as a new

pbest; . Meanwhile, gbest;. is replaced by the

new particle with the best fitness value of all the
particles.

The velocity of different particles should be
recalculated by (16). All of the particles should
be removed to their new positions based on (17).
If the maximum iterations or global optimization
goal is satisfied, the PSO program should be
terminated. Otherwise, it should repeat the
procedures from Step 2 to Step 5.

Step 4:

Step 5:
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Fig. 6. Results of the PSO algorithm and the corresponding control effects. (a) Results of the PSO algorithm. (b) Control effects in
accordance with the 5th/10th optimization of A. (c) Control effects in accordance with the 5th/10th optimization of B.

V. RESULTS AND ANALYSIS

A. Simulation Results and Discussion

The parameters of the boost converter based HPS are
L=850uH, C=60uF and V,, =25V. The rated voltage

bat
and capacitance parameters of the SC are 60 V and 15.6 Farads,
respectively. The parameters of the ASMC controller are

designed as f,=0.15, f3,=200, A=10, k =30 and
k, =200 . For the PSO algorithm, the maximum number of
to 25, ¢=0352,¢=0.132 and
®=0.579 . The simulation results of the PSO algorithm are

iterations is equal

shown in Fig. 6(a). Based on the simulation results, the two
optimal exponential gains should be designed as =3 and
B =0.545 .

To show the optimization process of the PSO for the ASMC
system, the current control effects in accordance with the 5th
and 10th optimization of particles A and B are illustrated in
Fig. 6(b) and 6(c). It can be seen that the sub-optimization
results of A and B are updated continuously by the PSO. The
sub-optimization results of A and B are in accordance with the
parameters « and £ so that the corresponding duty ratio in

(14) can be continuously optimized. In the simulation and
experiment, a constant-frequency PWM signal with the duty
ratio in (14) is used to control the MOSFET of the boost
converter. On this basis, the control effects of the ASMC
controller based on the optimization results of A and B can be
obtained.

The control effect in accordance with the 10th optimization
of particle A is better than that of the 5th optimization under
the start-up condition. However, the control effect is degraded
under the load variation condition. Actually, the value of the
global optimization goal function in (15) is reduced. Therefore,
the comprehensive control effect is improved for particle A.

As a comparison, for particle B, it can be seen that the control
effect in accordance with the 10th optimization can be
effectively improved under start-up and load variation
conditions when compared with the 5th optimization. These
simulation results also demonstrate that the control effect
cannot be regularly improved by simply increasing or
decreasing the two exponential gains.

In order to verify the effectiveness of the proposed ASMC
strategy with the EORL for a boost converter based HPS,
ASMC strategies with different reaching laws are simulated.
The comparative simulation results are shown in Fig. 7. In the
simulations, the reference current is 10 A. The initial load resistor
is 10 Q. When compared with the ASMC strategy with the
conventional reaching law (CRL) ug,,.=—ks(t)— psgn(s(?)),
the proposed ASMC strategy with the EORL has nearly a 32.5%
settling-time improvement in terms of the start-up current
adjustment. The corresponding current overshoot can be
reduced by up to 23%.

If the reaching law is 5,=— £, |s|” sgn(s) - esgn(s) , i.e., the

ASMC strategy is designed with only the fractional reaching
law (FRL), the control performance is degraded when
compared with the proposed ASMC strategy with the EORL
for start-up current adjustment. According to the authors of
[20], the start-up current adjustment becomes faster with an
increased value of g . Therefore, the item —ks“ can be

considered as an increased value of £ in the reaching law

(g =—kis“ —k, |s|ﬁ sgn(s) — esgn(s) ) of the proposed ASMC
strategy. Simulation results show that the proposed ASMC
strategy with the EORL can effectively improve the start-up
current adjustment performance.

Fig. 7 also shows the robustness of the ASMC strategy with

different reaching laws to deal with load variations. The load
variation is changed from 10 Q to 5 Q. Since the SC voltage is
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50 V, the output power of the boost converter based HPS is
changed from 250 W to 500 W. It can be seen that the current
adjustment effect cannot be improved if the ASMC strategy is
implemented with a non-optimal exponential reaching law
(NERL). In fact, the current control effect is even worse than
that of the ASMC strategy with the CRL. However, if the
ASMC strategy with the EORL is implemented, it has up to
25% and 40% settling-time improvements of the current
adjustment during a load change when compared to the ASMC
strategy with the CRL and the ASMC strategy with the FRL,
respectively. In addition, the current overshoot can be
effectively suppressed.

To demonstrate that the proposed ASMC strategy with the
EORL can achieve robust current tracking control for the boost
converter based HPSs in EV applications, a global current
tracking control effect of the proposed ASMC strategy with the
EORL is also simulated, as shown in Fig. 8.

The reference current is given based on a small EV test in
the laboratory. It can be seen that the actual current can
satisfactorily track the reference current. Current overshoot
only occurs when the boost converter operates under the start-
up condition. The current shock can be regulated and
suppressed to within 1 A. In addition, the output current of the
boost converter is very smooth. In summary, the simulation
results show that the proposed ASMC strategy with the EORL
can improve the current adjustment performance to deal with
load variations. In EV applications, the proposed ASMC
strategy with the EORL has an excellent current tracking
control effect for boost converter based HPSs.

B. Experimental Results and Discussion

An experimental platform is established for testing the
control performance of the proposed ASMC strategy with the
EORL, as shown in Fig. 9.

In the experiment, the ASMC strategy with the EORL is

Oscilloscope
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Fig. 10. Experimental results of a battery in the HPS.

implemented via a STM32 controller. The initial voltages of
the SC and the battery are 45 V and 25.5 V, respectively. The
reference current is 10 A. To ensure the system safety of the
boost converter based HPS, only the final optimal results are
used to control the boost converter based HPS in the
experiment.

Fig. 10 shows experimental results of the battery under start-
up and load variation conditions. The load change is from 10
Q to 5 Q, i.e., the output power of the boost converter based
HPS is changed from 202.5 W to 405 W. When the boost
converter based HPS is controlled by the ASMC strategy with
the EORL, a fast dynamic current response can be achieved for
the boost converter under start-up and load variation
conditions. The results in Fig. 10 are obtained by a STM32
controller which is connected to a current sensor and a voltage
sampling circuit. The battery SOC is calculated based on the
battery voltage.

The duty ratio can be adaptively reduced when a large
resistor is loaded, as shown in Fig. 11. By combining this with
the experimental results in Fig. 10, it can be seen that the
convergence time is less than 10 ms. That is to say, the finite
time convergence of the proposed ASMC strategy with the
EORL can be assured. In summary, the proposed ASMC
strategy with the EORL can achieve robust current tracking
control for boost converter based HPSs.

In Fig. 12, it is shown that the SC can provide peak power
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under the start-up condition. If the load resistance is small, the
SC is charged so that its voltage continues to rise. However,
the SC is discharged if a large resistance is loaded. As a result,
the SC voltage drops consistently. According to the sampling
data of the STM32 controller, the SC SOC can be calculated
based on the SC voltage. Based on the ASMC strategy with the
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Fig. 13. Comparative results of two ASMC strategies. (a) Start-up
response of the ASMC strategy with the EORL. (b) Start-up
response of the conventional ASMC strategy. (c) Load change-
response of the ASMC strategy with the EORL. (d) Load change-
response of the conventional ASMC strategy.
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TABLE I
COMPARATIVE ANALYSIS OF TWO ASMC STRATEGIES

ASMC strategy with the EORL Conventional ASMC strategy

Load variation

13.58 ms

Load variation

9.32 ms

Start-up
7.16 ms

Start-up
8.91 ms

EORL, the SC can provide peak power to the load and absorb
extra output power from the battery. According to experimental
results, the battery can operate with a constant power/current
so that the system stability and the battery safety can be
guaranteed. Therefore, the proposed ASMC with the EORL is
very valuable for the operation stability and security of boost
converter based HPSs.

To have a quantitative evaluation of the ASMC strategy
with the EORL, the conventional ASMC strategy is also
implemented in the experimental platform. The load is changed
from 5 Q to 2.5 Q. The output power of the boost converter
based HPS increases from 405 W to 810 W. Fig. 13 and Table
I show comparative results of the two ASMC strategies. When
compared with the conventional ASMC strategy, the
convergence time of the proposed ASMC strategy with the
EORL can be improved by up to 19.6% and 31.3% under start-
up and load variation conditions, respectively. In addition, the
current amplitude of the boost converter in the HPS can be
effectively improved under the start-up condition. The
experimental results shown in Fig. 13 are in accordance with the
simulation results of the ASMC with the EORL in Fig. 7.

To make the proposed ASMC strategy with the EORL for
the boost converter based HPSs in EVs become more
persuasive, a comprehensive experiment in a small EV is
implemented. In this experiment, the energy management of a
boost converter based HPS in a small EV is designed according
to [3]. Experimental results are shown in Fig. 14.

Current shock only occurs when the boost converter
operates under the start-up condition. When the ASMC
strategy with the EORL is used to control the boost converter
based HPS in the small EV, the current shock can be
effectively suppressed. In addition, it is evident that the SC can
provide peak power to the motor inverter when the boost
converter operates under the start-up condition. Moreover, the
SC can effectively respond to the power demand. In addition,
it can provide peak power to or absorb extra power from the
motor inverter. On this basis, the battery only needs to provide
constant or compensation power to the motor inverter.

The obtained experimental results are basically in accordance
with the simulation results, i.e., the operating current can track the
reference current in both the simulation and the experiment.
Current shock can be effectively suppressed within 1 A. The
experimental results are slightly different than the simulation
results since some insignificant parameters of the boost converter
were ignored in the simulation model. These ignored parameters
have little impact on the global current tracking control effect of
the boost converter based HPS. Therefore, the active and stable
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Fig. 14. Comprehensive results of the boost converter based HPS
controlled by the ASMC strategy with the EORL.

power distribution of the boost converter based HPS can be
effectively guaranteed in EV applications.

VI. CONCLUSIONS

This paper designed an ASMC strategy with an EORL for
the robust current tracking control of boost converter based
HPSs in EVs. By using the EORL, the proposed ASMC
strategy can improve convergence time and current amplitude
of the boost converter based HPS when compared with
conventional ASMC strategies. The conventional ASMC
strategy was designed based on state observers and the HC
method. On this basis, a novel enhanced exponential reaching
law was proposed for improving the ASMC strategy.
Furthermore, a PSO algorithm was introduced to optimize the
enhanced exponential reaching law. The final adaptive control
factor was redesigned based on the EORL.

A simulation model of the boost converter based HPS
controlled by the proposed ASMC strategy with the EORL was
established. The obtained simulation results showed that the
proposed ASMC strategy with the EORL had an excellent
current tracking control effect for the boost converter based
HPS. Moreover, an experimental platform was constructed to
verify the effectiveness of the ASMC strategy with the EORL.
When compared with the conventional ASMC strategy, the
proposed ASMC strategy with the EORL improved the
convergence time of current adjustment by up to 19.6% and
31.3% for the boost converter based HPS under start-up and
load variation conditions, respectively. In addition, experimental
results showed that the current overshoot of the boost
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converter based HPS can be effectively suppressed to a
reasonable range. In summary, the proposed ASMC strategy
with the EORL can achieve robust current tracking control for
the boost converter based HPSs in EV applications. It can
guarantee the active and stable power distribution of boost
converter based HPSs.
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