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ABSTRACT The bleeding circuit is important for dropping the dc-bus voltage to safe voltage when electric
vehicles (EVs) encounter an emergency. However, the bleeding circuit may be bulky and heavy to ensure
that the total discharge operation can be completed in the specified time (5 seconds). In order to reduce the
volume and weight of the bleeding circuit, this paper proposes a maximum discharge power method that can
maintain the discharge power of the bleeding resistor and windings at the maximum discharge power. The
mechanism and disadvantage of traditional uncontrolled rectification (UR)method is analyzed for illustrating
the necessity of reducing the bleeding resistor at first. Then, the proposed maximum discharge power is
developed based on the established power flow model. For the sake of improving the tracking performance
and dynamic performance of the discharge power, an adaptive sliding mode power control (ASMPC) is
proposed with the adaptive reaching law, which can effectively reduce the chatting effect on inner current
loop. Finally, the proposed strategy is validated on a permanent magnet synchronous motor drive used for
EVs, and the results show that the proposed discharge method can not only reduce the bleeding resistor size
and weight but also improve the dynamic characteristics.

INDEX TERMS Bleeding resistor, dc-bus capacitor, maximum discharge power, permanent magnet syn-
chronous machine (PMSM), power flow model.

I. INTRODUCTION
Due to the advantages of environmental friendliness, high
efficiency and low cost, electric vehicles (EVs) have attracted
considerable attention [1], [2], [3], [4], [5]. Permanentmagnet
synchronous machine (PMSM) shows superiorities in EVs
with high power density, high efficiency and compact struc-
ture [6], [7], [8]. Typically, the high voltage drive systems
of EVs include PMSMs, three-phase inverter, film capaci-
tor, high voltage breaker, bleeder circuit and lithium battery.
Although high voltage can extend the driving distance and
reduce losses, it also brings about higher requirements for the
safety of EVs, especially in emergency [9], [10].
When an emergency happens to the EVs, e.g., car crash,

the propulsion system will enter in protection mode that
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the breaker mode that the breaker will be tripped and the
inverter will be shut off. Simultaneously, the PMSMs shaft
is disconnected from the gearbox, and the motor rotates
without load. However, the back electromotive force of
the PMSM and the dc-bus capacitor will keep the dc-
bus voltage at the high voltage, which will cause electric
shock risks to passengers and rescuers. In order to protect
passengers from electric shock in the event of collisions,
United Nation Vehicle Regulation ECCE R94 requires that
the dc-bus voltage should drop to the safe voltage (60V)
within 5s [11]. Due to the electric vehicle in emergency
condition at this time is short and special, it does not
belong to the traditional electric vehicle drive cycle condition,
so the drive cycle method cannot be used to analyze this
process.

In order to achieve the goal of 5-s discharge, many dis-
charge methods have been proposed, which can be divided
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into two categories: motor winding-based method [12], [13],
[14], [15], [16], and bleeding resistor-based method [17],
[18], [19]. For the motor winding-based method, the motor
windings are used as the bleeding resistor, and the energy is
dissipated in the form of heat. In [12], a large d-axis current
and zero q-axis current is injected into the PMSM. The zero
q-axis current can reduce the conversion of kinetic energy to
electrical energy in the discharge process. Thus, the motor
back EMF can be rapidly reduced to zero by flux-weakening.
Nevertheless, this method may have overcurrent issues as
the rotor speed is higher. In order to solve this problem,
[13] and [14] proposed a three-stage constant voltage dis-
charge strategy. At the first stage, the bus voltage is rapidly
reduced to the safe voltage under the effect of the field-
weakening. Then, the proportional integral (PI) controllers
control the dc-bus voltage at the safe voltage until the speed
decreases to safe speed. Finally, the d-q axis current gradually
becomes zero. Although the three-stage discharge method
can quickly reduce the dc-bus voltage to a safe level, this
method is no longer effective when the first stage fails to
reduce the bus voltage to the safe voltage. Reference [15]
presented a q-axis current segmented discharge method when
the PMSM drive system with large inertia and small safe
current. The segmented q-axis current is obtained by mak-
ing the power consumption of the windings copper smaller
than the electromagnetic power of the regenerative braking.
However, winding-based discharge methods is sensitive to
system parameters, such as system inertia, machine speed
and system safe current. Therefore, it has very few industrial
applications.

Another commonly-used discharge method is the bleeding
resistor-basedmethod that is composed of a power switch and
a bleeding resistor. The power switch is turned on when the
system receives a discharge request, as well as the kinetic
energy of the motor and the electrical energy stored in the
capacitor is dissipated through the bleeding circuit. As the
inverter works in an uncontrolled rectification state during
the discharge, this method is also called the uncontrolled
rectification (UR) discharge method. In [16], a resistive brake
is designed to dissipate the excess energy when the motor
decelerates. On the basis of the above bleeding circuit-based
discharge topology, [17] adds optocouplers and Zener diodes
to the discharge circuit. This method not only realizes the
isolation of the control circuit and the power circuit through
the optocoupler, but also realizes good protection for the
bleeder circuit. In order to make the bleeding circuit more
energy-saving and easy to maintain, [18] proposes a bleeding
circuit with high space utilization method. Through design-
ing the dc-bus capacitor discharge drive circuit, the system
can detect the dc-bus voltage changes and the stage of the
controller pin, so as to avoid the mis-discharge when the bus
voltage is not disconnected, and to improve the reliability of
the discharge. Nevertheless, the above-mentioned bleeding
resistor-basedmethod do not fully utilize the discharge capac-
ity of the bleeding resistor. Besides, the bleeding resistor is

not only bulky and heavy but also has low discharge power
density.

By keeping the discharge power of the bleeding resistor
to the maximum can speed up the discharge process and
reduce the size and weight of the bleeding resistor. How-
ever, it is difficult to achieve maximum power control only
by conventional PI controllers, which has long setting time
and overshoot. Therefore, a power outer loop controller with
strong robust and high dynamic performance is required.
It is well known that the sliding mode control (SMC) has
the advantages of excellent dynamic performance and strong
robustness. In [19], for the boost converter for fuel cell
systems, an active disturbance rejection control (ADRC)
combined with the SMC for the sake of improving the
robustness of the system. In [20], to deal with the problem
of insufficient torque tracking, a novel SMC strategy was
proposed, which greatly improved the system robustness and
dynamic response speed. However, the SMC can cause chat-
tering problems when the system state quantity reaches the
sliding mode surface. In order to reduce the chattering of
sliding surface, [21], [22] estimated and compensated the sys-
tem disturbance and parameter perturbation, thereby reducing
the gain of the SMC and reducing the system chattering.
Another way to reduce the gain is to improve the reaching
law, such as [23] introduce a new sliding-mode reaching
law that composed of system state variable and the power
term of sliding surface function to suppress the chattering
and reduce the time of reaching to the sliding mode sur-
face. In [24], a new adaptive terminal sliding mode reaching
law is proposed, it can be seen as an improvement on the
exponential reaching law. Typically, the conventional sliding
mode power control (CSMPC) will bring chattering due to
the inherent characteristics. Hence, the chattering should be
reduced, especially when the CSMPC is used as an outer loop
controller.

To reduce the size and weight of the bleeding resistor, this
article proposes a maximum discharge power method that can
keep the discharge power at maximum power. In addition, the
adaptive sliding mode power control (ASMPC) is proposed
with adaptive reaching law for improving the discharge power
tracking performance and reducing the chatting. The main
novelties of this paper are listed as follows:

1) The traditional UR discharge method model is estab-
lished for analyzing and calculating the bleeding resistor
size and weight, illustrating that the traditional UR discharge
method needs to be improved.

2) The maximum discharge power strategy is proposed
based on the established power flow model, which can
not only keep the maximum discharge power of the bleed-
ing resistor, but also maintain the motor windings at the
maximum discharge power. Compared with the traditional
UR discharge method, the size and weight of the designed
bleeding resistor is reduced significantly.

3) For improving the discharge power tracking perfor-
mance, the ASMPC based on adaptive reaching law is
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FIGURE 1. The schematic diagram of traditional UR discharge method.

proposed. As the ASMPC adopts an adaptive reaching law
that can adapt to variations in the sliding surface and system
states, the chatting is reduced greatly.

The rest of this article is organized as follows. The tra-
ditional UR discharge model is established and analyzed in
Section II. Section III introduces the proposed maximum dis-
charge power method and designs the bleeding resistor based
on proposed method. In Section IV, the proposed ASMPC
with the adaptive reaching law is presented. The experimen-
tal results are presented in Section V. Finally, Section VI
concludes this article.

II. MECHANISM AND DISADVANTAGE OF TRADITIONAL
UR DISCHARGE METHOD
In this section, the mechanism and disadvantage of the tra-
ditional UR discharge method is analyzed based on the
established model. Then, the size and the weight of the bleed-
ing resistor are discussed according to the system parameters,
illustrating that the conventional discharge method is need to
be improved for reducing the volume and weight.

A. MODEL OF TRADITIONAL UR DISCHARGE METHOD
Assuming that the core saturation, eddy current loss and
hysteresis loss is ignored and harmonics and saturation is not
considered, the mathematical model of PMSM in the rotating
d-q frame are given by [25], [26], and [27].

ud = Rsid + Ls
did
dt

− ωeLsiq

uq = Rsiq + Ls
diq
dt

+ ωeLsid + ωeψm

Te =
3
2
pψmiq

J
dωm
dt

= Te − Bωm − TL

(1)

where ud , uq and id , iq are the stator voltage and current,
respectively. Ls is the stator inductance; Rs is the stator resis-
tance, ψm is the rotor flux and ωe, ωm the electrical angular
speed and mechanical angular speed, respectively. p is the
pole pair number, J,B and TL are inertia, mechanical damping
coefficient and mechanical load torque, respectively.

If the EVs encounter an emergency, the inverter will be shut
off and the PMSM works as a generator. More importantly,
the six free-wheeling diodes constitute uncontrolled rectifier,
the schematic diagram of bleeding resistor discharge is shown
in Fig.1.

FIGURE 2. Simplified electrical circuit model of uncontrolled rectification.

The generator back electromotive force (EMF) can be
expressed as 

Ea = E0 sin (ωet)

Eb = E0 sin
(
ωet − 2π

/
3
)

Ec = E0 sin
(
ωet + 2π

/
3
) (2)

The back EMF amplitude E0 can be expressed as

E0 = ωeψm (3)

During the discharge process, only the uncontrollable rec-
tifier bridge composed of diodes works. Therefore, one diode
on each of the upper and lower bridge arms is turned on at the
same time, and the turn-on voltage is the largest of the motor
line voltages, which can be expressed as

Eout = max {Eab,Eac,Ebc,Eba,Eca,Ecb} (4)

In order to analyze the relationship between the dc-bus
voltage and the current, assuming the Eout = Ebc. As the Ebc
is greater than other line voltages, diodes D3 and D2 are turn
on, and the circuit model can be simplified as Fig.2.

According to Kirchhoff’s voltage law:

Eb − Ec = 2ibRs + 2Ls
dib
dt

+ 2Von + ibRb (5)

where theVon is the turn on voltage of the diode. Substitute (2)
into the above equation, the result is

2ibRs + 2Ls
dib
dt

+ 2Von + ibRb =
√
3ωeψm sin(ωet −

π

6
)

(6)

Considering that the dc-bus has a big capacitor, the bus
voltage at steady state can be expressed as

udc = ibRb =
√
3ωeψm − 2ibRs − 2Von (7)

Therefore, the real-time discharge current is

ib =

√
3ωeψm − 2Von
Rb + 2Rs

(8)

During the discharge of the bus capacitors, the current
of the bleeding resistor provides braking torque. In order to
reduce the analytical complexity, the speed of machine can be
considered as a linear decrease [28]. Therefore, the average
discharge current can be approximated as

ib_ave ≈

√
3 (ωe0 + ωth) ψm − 4Von

2 (Rb + 2Rs)
(9)
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TABLE 1. Main parameters of the prototype.

where ωth is the threshold speed at which the line-to-line
back EMF is equal to safe voltage, ωe0 is the initial electrical
angular velocity.

The total expended energy can be expressed as

Qdis =
J
2

(
ω2
m0 − ω2

th

)
+

1
2
C

(
U2
0 − U2

safe

)
(10)

where ωm0 is the initial mechanical rotating speed, U0 is the
initial dc-bus voltage that is equal to battery voltage.

For the sake of reducing the bleeding resistor size and
weight, the discharge time can be set to 5s when the motor
is running at rated speed. Hence, with the discharge time,
resistance of the bleeding resistor can be derived as

Rb =

5
(√

3 (ωe0 + ωeth) ψm − 4Von
)2

2
{
J

(
ω2
m0 − ω2

mth

)
+ C

(
U2
0 − U2

safe

)} − 2Rs (11)

B. DESIGN AND ANALYSIS OF THE BLEEDING RESISTOR
Generally, the material of the wire wound power resistor is
the alloy of nickel (Ni) and chromium (Cr) [29]. In order
to evaluate the size and weight of the bleeding resistor,
nickel-chromium 80 is used as the resistance material in
this paper. The resistivity and density of the Nichrome wire
are 1.08 · 10−6� · m and 8310 kg/m3, respectively. Since
the current- carrying capacity of the wire is affected by the
diameter, the relationship between the wire diameter and
the current-carrying capacity is obtained by quadratic fitting,
which is shown in Fig.4.

icap = 0.6582d2 + 3.138d − 0.04954 (12)

According to the average discharge current, the properties
of the bleeding resistor are shown in Table 2 with system
parameters in Table 1.

From the table 2, it can be found that the bleeder resistance
is 11.7 �, the diameter of the nichrome wire is 2.3 mm and
the length is 30.1 m, weighing around 1.04 kg. However, the
huge bleeding resistor will not only increase vehicle weight
but also reduce the practicality of the bleeding resistor-based
method. Therefore, the dischargemethod for dc-bus capacitor
with small and light bleeding resistors is urgently needed for
EVs.

TABLE 2. The parameters of bleeding resister.

III. PROPOSED MAXIMUM DISCHARGE POWER METHOD
Since the bus voltage decreases with the decline of the speed,
the discharge power of the bleeding resistor decreases grad-
ually. For the purpose of improving discharge density of the
bleeding resistor, it is significant to maximize the discharge
power during the discharge process.

A. POWER FLOW MODEL DURING THE DISCHARGE
PROCESS
Based on the schematic diagram of traditional UR dis-
charge method in Fig.1, the dc-bus capacitor current can be
expressed as.

C
dudc
dt

= idc −
udc
Rb

(13)

According to the power balance on both sides of the power
converter, it can be derived that

udcidc = −
3
2

(
ud id + uqiq

)
(14)

Substituting (1) and (13) into (14) yields

C
2

du2dc
dt

+
u2dc
Rb

= −
3
2

(
Rsi2d + Rsi2q + Ld id

did
dt

+ Lqiq
diq
dt

+ ωeψmiq

)
(15)

The power equation under steady state can be expressed as

C
2

du2dc
dt

+
u2dc
Rb

= −
3
2

(
Rs

(
i2d + i2q

)
+ ωeψmiq

)
(16)

In order to increase the copper consumption of the system,
the dq-axis current should be always on the current limit
circle, hence

C
2

du2dc
dt︸ ︷︷ ︸
Pc

= −
3
2
ωeψmiq︸ ︷︷ ︸
Pe

−
3
2
RsI2max︸ ︷︷ ︸
Pcu

−
u2dc
Rb︸︷︷︸
Pb

(17)

where Pc, Pe, Pcu and Pb are dc-bus capacitor power, elec-
tromagnetic power, copper loss power and bleeding resistor
power, respectively. As it can be seen in (17), a part of
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the electromagnetic power is converted into the copper loss
of the machine windings and the power of the external
bleeder, the remaining part is converted into the dc-bus capac-
itor power. Therefore, increasing the discharge power of the
bleeding resistor can speed up the discharge process. How-
ever, the discharge power of the bleeding resistor usually is
limited for cost and size. It is necessary to keep the maximum
discharge power of the bleeding resistor in order to save space
and cost.

B. DESIGN OF BLEEDING RESISTOR
During the maximum discharge power process, the energy
dissipated by the machine windings can be derived as

Qwind =
3
2
RsI2maxtd (18)

Since the flux-weakening current is injected into d-axis,
the threshold speed ωth2 is lower than ωth.The total discharge
energy can be expressed as

C
dudc
dt

= idc −
udc
Rb

(19)

Then, the power consumed by the bleeding resistor is

Pex =
Qdis2 − Qwind

td
(20)

In order to prevent surges in the bus voltage, we let the
maximum dc-bus voltage satisfy

Umax ≤
√
3ωe0ψm − 2Von (21)

Considering that the bleeding resistor is a purely resistive
load, the power can also be expressed as

Pex = udcicap (22)

As the discharge power is constant, the discharge voltage
should take the maximum value for the sake of reducing the
wire diameter and thus wire mass.

Hence, the resistance of the bleeding resistor can be derived
as

Rb =

(√
3ωe0ψm − 2Von

)2
Pex

(23)

Based on the parameters of the PMSM drive system, the
parameters of the designed bleeding resistor are shown in
Table 3. Compared with Table 2, although the designed
bleeder resistance increases to 36.8 �, the wire diameters
drop to 1.3mm.

Table 4 shows the specific comparative results of the
traditional UR discharge method and the proposed maxi-
mum discharge power method. Compared with the traditional
UR discharge method, the weight of the bleeding resistor
reduced from 1.04 to 0.50kg (52%) and the size drops to
6.0 × 10−5m3(52%). More importantly, it is visible that the
discharge power density of the proposed method is higher
than the traditional UR discharge method. The reason why
the power density of the proposed method is higher than that

TABLE 3. The parameters of bleeding resister based on proposed method.

of the traditional UR discharge method is that the discharge
power of the traditional method gradually decreases as the
machine speed goes down, while proposed the method can
keep the discharge power of bleeding resistor and machine
windings at the maximum value. Consequently, the pro-
posed discharge method can reduce the bleeder volume and
size.

IV. DESIGN OF ASMPC BASED MAXIMUM DISCHARGE
POWER
In order to design the power controller for the bleeding
resistor, the power flow model is established. Then, the
CSMPC is applied to account for improving the dynamic
performance. Considering that the output of the CSMPC is
the input of the current inner loop, the chattering of the
CSMPC will cause the q-axis current to ripple. Therefore,
this article proposes an adaptive reaching law to reduce the
chattering.

A. MAXIMUM DISCHARGE POWER BASED ON CSMPC
It is obviously that (17) is nonlinear equation, which can
be solved by applied local linearization-based PI strategy.
However, it has the disadvantage of sensitivity to operation
point shift when the speed decreases. Therefore, in order to
linearize the dynamic (17), define Pb = u2dc

/
Rb, then (17) is

transformed as
dPb
dt

+
2Pb
CRb

= −
3
CRb

(
RsI2max + ωeψmiq

)
(24)

Consider the disturbance exists in the system during the
discharge process, (24) can be rewritten as

dPb
dt

= −
2Pb
CRb

−
3RsI2max

CRb
−

3ωeψmiq
CRb

+ d(t) (25)

where d(t) is the total disturbance.
The tracking error of discharge power is expressed as

e = P∗
b − Pb (26)

where P∗
b is the reference power of the bleeding resistor. The

derivative of e can be obtained as

ė =
2Pb
CRb

+
3RsI2max

CRb
+

3ωeψmiq
CRb

− d(t) (27)
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TABLE 4. The comparison of dc-bus capacitor discharge method.

The integral sliding surface is shown as follows

s = e+ c
∫ t

0
edt (28)

where c>0 is the positive gain. The conventional exponen-
tial reaching law is selected for the sake of improving the
dynamic quality of the approach motion, which is expressed
as

ṡ = −ks− εsgn (s) , k > 0, ε > 0 (29)

According (26) to (29), the reference q-axis current can be
obtained as

i∗q =
(−ks− εsgn(s) − ce)RbC − 2Pb − 3RsI2max

3ωeψm
(30)

From (27), it can be known that the reaching speed is
related to the choices of ε and k. Although increasing ε
and k can improve the reaching speed, it also increases
the chattering. Therefore, the gain of the reaching law
requires careful consideration of the approach time and
chattering.

B. ASMPC BASED ON AN ADAPTIVE REACHING LAW
To further suppress the influence of CSMPC chattering on
the inner current loop, an adaptive reaching law is proposed to
decrease the chattering and reaching time, which is expressed
as

ṡ = f (e, s) = −k |e|α s− ε

(
1 + λ− e−δ|s|

)
λ+ e−δ|s|

|e|β sgn (s)

(31)

where k>0, λ >0, ε >0, 0< α <1, β >1, δ is a constant.
It can be seen that the adaptive reaching law consists of

variable isokinetic approach term and variable exponential
reaching term. The amplitude of symbolic function can be
adjusted by the proposed reaching law with adapting the
state variable e to control the convergence rate. When the
system initial state is far away from the sliding surface (|e|
and |s| increase), isokinetic approach term and exponential
reaching termwork simultaneously. Thus, f(e,s)will converge
to −k |e|α s − ε(1 + λ) |e|β

/
λ, which is much larger than

the traditional gain of the exponential reaching law. While
the system state approaches the sliding mode surface (|e|
and |s| increase), f(e,s) will converge to −λε |e|β

/
(λ+ 1),

in which system state |e| gradually decrease to 0. There-
fore, the adaptive sliding reaching law can not only reduce

FIGURE 3. Block diagram of the proposed discharge method.

the reaching time, but also reduce the chattering on the
sliding mode surface. More importantly, by introducing
the system state into the sliding mode reaching law, the
reaching speed is further accelerated and the chattering is
reduced.

Substitute (27) and (28) into (31), the reference q-axis
current can be rewritten as

i∗q =
(f (e, s)− ce)RbC − 2Pb − 3RsI2max

3ωeψm
(32)

In order to verify the stability of the proposed ASMPC
with adaptive reaching law, a candidate Lyapunov function
is expressed as

V =
s2

2
(33)

Based on (31), the derivation of (33) can be derived as

V̇ = s · ṡ = −k |e|α s2 − ε

(
1 + λ− e−δ|s|

)
λ+ e−δ|s|

|e|β |s| ≤ 0

(34)

Evidently, the proposed ASMPC satisfies the stability
requirement, and the actual discharge power will track the
given discharge power.

To take the full advantage of discharge capacitor,
the machine wingdings discharge power should also be
maximum. Hence, the d-axis current should be set as

i∗d = −

√
I2max − (i∗q)2 (35)
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FIGURE 4. Test platform. (a) Circuit diagram. (b) Experimental setup.

The block diagram of the proposed discharge strategy is
shown in Fig. 3. As shown, the outer power loop applies
ASMPC with the adaptive reaching law.

V. EXPERIMENTAL VERIFICATION
A. PREPARATION FOR THE EXPERIMENT
To verify the proposed maximum discharge power of bleed-
ing resistor based on ASMPC, experiments are conducted on
a three-phase SPMSMwhose parameters are listed in Table 1.
The experimental circuit diagram and experimental setup are
depicted in Fig. 4(a) and (b), respectively.

The overall system is mainly composed by a 3.8kW
SPMSM, bleeding resistor, three phase inverter and DC
power supply. The value of bleeding resistor can be regu-
lated by adjusting the wire-wound sliding varistor. In the
experiment, the resistance of the bleeding resistor is 36.8 �.
A dc power supply is set to 310 V. A three-phase insulated
gate bipolar transistor inverter is used as the voltage source
inverter (VSI) with the frequency of 10 kHz. The thin-film
capacitor, U13-424NT 420µF, is connected in parallel with
the VSI. The breaker, EV200A, is connected in series on
the dc-bus between the dc power supply and the thin-film
capacitor. In order to simulate the real inertia of EVs motor,
the SPMSM is coaxially connected to an inertia flywheel.

FIGURE 5. Experimental results of the maximum discharge power based
on the proposed ASMPC at the speed of 1000 r/min. (a) DC-bus voltage;
(b) d-axis current; (c) Discharge power of the external bleeder; (d) q-axis
current.

The DSP TMS320F28335 is used to validate the proposed
discharge method.

B. EXPERIMENTAL RESULTS
Fig. 5 demonstrates the experimental results when the dis-
charge request arises at the speed of 2000r/min under the UR
discharge method. Fig.5(a) shows that it takes nearly 4.5s
for the bus voltage to decrease to the safe voltage with the
designed bleeding resistor. As the discharge method without
special designed current, the phase current decreased with
the machine speed declined in Fig.5(b). Consequently, the
discharge power descended, which lead to a heavy weight of
the discharge resistor. Fig.5(c) and Fig.5(d) present the d-axis
current is much smaller than the q-axis current, because
most of the kinetic energy of the motor was converted into
resistance thermal energy.

Fig. 6 shows the experimental results of maximum dis-
charge power based on PI, CSMPC and the ASMPCwhen the
discharge request occurs at 1 s under the speed of 2000r/min.
As it can be seen from Fig.6(a), the dc-bus voltage drops to
safe voltage within 4.5s with three different controllers, being
a little shorter than 5 s. This happens because the mechanical
friction and inverter losses are ignored when building the
model. In addition, the response time of PI, CSMPC and
ASMPC are 0.3s, 0.12s, and 0.08s, respectively, which proves
that the proposed ASMPC has the fastest response time.
Furthermore, the bus voltage overshot of PI control method
is 65V, which is larger than 25V that of the CSMPC method.
In contrast, the proposed ASMPCmethod has almost no over-
shoot in the voltage. As for the discharge power in Fig.6(b),
when the reference discharge power jumps to the maximum
power, the PI control method causes an overshoot of 300W.
However, the proposed ASMPC strategy only experiences an
overshot of 110W, which is smaller than 210W that of the
CSMPC method. More importantly, the discharge power rip-
ple of PI control method is evidently large, while the ripples
in the CSMPC case are reduced a little but still larger than
that in the proposed ASMPC case. Regarding Fig. 6(c), the
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FIGURE 6. Experimental results of the maximum discharge power based
on the conventional PI, SMPC and the proposed ASMPC at the speed of
2000 r/min. (a) DC-bus voltage; (b) Discharge power of the external
bleeder; (c) d-axis current; (d) q-axis current.

d-axis current experiences a sharp decrease when the dc-bus
voltage drop to zero. Moreover, the q-axis current begins to
increase at the moment. This phenomenon is caused by cross-
coupling effect [30], [31]. The dc-bus voltage drops to zero,
whichmeans that the d-q axis voltages are all zero at this time.
However, there is still energy stored in the motor inductance
at this time. Hence, when the dc bus voltage drops to zero,
the energy story in the inductance starts to release, which
causes the fluctuation of d-axis current. The d-q axis current
in Fig.6(c) and (d) has the smallest fluctuation among the
three methods, which illustrates that the presented adaptive
reaching law can suppress the chattering effectively.

For clarity, Fig. 7 demonstrates the comparison diagram
of dynamic performance with three different control methods
based on the abovementioned experimental results. From
Fig.7, although the CSMPC can improve the dynamic per-
formance, it results in current loop chatting. By contrast, the
proposed ASMPC can improve dynamic power performance
and suppress the current chatting. It can be seen that the
proposed ASMPC is superior in dynamic performance and
power fluctuation.

In order to prove the advantage of the proposed discharge
method, the hybrid dc-bus capacitor discharge strategy in [28]

FIGURE 7. Comparison diagram of dynamic performance with three
different control methods. (a) Voltage setting time; (b) Voltage
fluctuation; (c) Power overshot; (d) q-axis current fluctuation.

FIGURE 8. Experimental results of the hybrid dc-bus capacitor discharge
strategy in [28] at the speed of 2000 r/min. (a) DC-bus voltage;
(b) Discharge power of the external bleeder; (c) d-axis current; (d) q-axis
current.

is conducted and the experimental results is in Fig.8. When
the hybrid dc-bus capacitor discharge strategy is implied with
the experimental setup, the bleeding resistor value decline
to 32� (13%) compared with the proposed method. More
important, the weight of the BR increases to 5.8 kg (16%).
Although the two discharge methods have the same discharge
power within 5 seconds, the proposed method reduces the
discharge current of the bleeding resistor throughmaximizing
discharge power, thereby reducing the volume and weight of
the discharge resistor. Herein, the proposed discharge method
can significantly reduce the bleeding resistor weight and size.
What ‘more, in case of breaking, the proposed discharge
method can switch to traditional UR discharge method. Thus,
the safety of discharge is ensured.

In order to prove the proposed ASMPC is effective regard-
less of the machine speed, as demonstrated in Fig.9, the
experiment was implemented when the machine speed is
1000r/min. For the sake of low initial speed, the dc-bus
capacitor voltage drops to the safe voltage at about 1.25s.
Similar to the rated state, the discharge power of the bleed-
ing resistor can track the maximum power as long as the
bus voltage is high enough in Fig.9(c). In addition, as the
q-axis current decreases until safe current, the d-axis cur-
rent gradually increases. The q-axis current is gradually
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FIGURE 9. Experimental results of the maximum discharge power based
on the proposed ASMPC at the speed of 1000 r/min. (a) DC-bus voltage;
(b) d-axis current; (c) Discharge power of the external bleeder; (d) q-axis
current.

reduced for maintaining the maximum discharge power.
The experimental results illustrate that the proposed dis-
charge method can quickly reduce the dc-bus voltage to
safe voltage when the EVs encounter an emergency at any
speed.

In general, according to the experimental results, the
proposed maximum discharge power algorithm based on
ASMPC is proven to be able to satisfy the discharge time
requirements of United Nation Vehicle Regulation ECE R94
with excellent dynamic performance and small bleeding
resistor.

VI. CONCLUSION
This article proposed a novel discharge strategy based on the
ASMPC with minimum size and weight of bleeding resistor.
Based on the established traditional UR discharge model,
the bleeding resistor was designed and evaluated. In order
to reduce the size and weight of the bleeding resistor, the
maximum discharge power method was proposed based on
the power flow model. Compared with the traditional UR
discharge method, the volume and weight of the bleeding
resistor based on the proposed method was significantly
reduced. The ASMPC was proposed to suppress the chatter-
ing phenomenon and improve the dynamic performance of
the discharge power tracking in the discharge process. By uti-
lizing the adaptive reaching law, the sliding mode chatting
and reaching time were reduced conspicuously. The experi-
mental results proved that the proposed method can reduce
the discharge bleeder size and weight greatly. Moreover,
the ASMPC can obtain an excellent performance with fast
response, small overshot and chattering suppression capa-
bility. In conclusion, the proposed discharge approach can
reduce the dc-bus capacitor voltage to safe voltage in speci-
fied time with the designed small bleeding resistor when EVs
encounter an emergency, improving the safety of EVs in crash
conditions.
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