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ABSTRACT To prevent the passengers from electric shock, the DC-bus capacitor voltage of the high-voltage
permanent magnet synchronous machine (PMSM)-based drives in electric vehicles (EVs) is required to
decline to safe voltage as quickly as possible when emergency occurs. Considering that the discharge time
for small safe current limit powertrain systems will be longer than required, this paper proposed a maximum
power discharge strategy to accelerate the dissipating process and meanwhile avoid the voltage surge. Firstly,
the PMSM discharge model as a generator is established on the basis of analyzing the discharge course.
Secondly, the feasible reference current trajectory is presented by drawing the trajectories of the voltage,
current, and power constraints. Then the maximum power discharge strategy is achieved by following the
extreme points in the reference trajectory. Finally, simulation and experiment are conducted on a three-phase
SPMSM powertrain system to validate the proposed algorithm can effectively shorten the discharge process.

INDEX TERMS Permanent magnet synchronous machine (PMSM), winding-based discharge, small safe
current, maximum power.

I. INTRODUCTION
Since permanent magnet synchronous machines (PMSMs)
have brilliant advantages of high efficiency, high power den-
sity, wide speed range, and compact structure, they have
been widely applicated as main power source in electric
vehicle (EV) powertrain systems [1]–[9]. The topology of
EV-PMSM powertrain system is shown in Fig.1, in which the
pivotal units of the powertrain system are exhibited. Though
the storage battery packs are used for supplying and storing
power, however, the voltage of the battery is generally lower
than the DC-bus voltage level in EVs. Therefore, a DC/DC
converter is needed to boost the low battery voltage to a
higher level. A capacitor, usually thin-film capacitor on EVs,
in parallel on the DC-bus can stabilize the voltage and absorb
high frequency voltage surge. Necessarily, a voltage source
inverter (VSI) and a controller are installed to drive the
PMSM [10]–[12].

Once there is an emergency (e.g., car collision), the breaker
connecting the battery and the DC/DC inverter will be
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FIGURE 1. Topology of EV-PMSM powertrain system.

triggered to cut off the power supply. Meanwhile, the con-
troller will give orders to shut off the inverter and the gear-
box will detach from the axle, leaving the PMSM rotates
with no load. In this case, the energy stored on the DC-bus
cannot be consumed since the inverter is shut off, and the
PMSM which is working in the generate state will feedback
energy to the DC-bus through uncontrolled rectifier (UR)
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simultaneously [13]. Nowadays, DC-bus voltage level of
electric vehicles is much higher than before. For example,
Tesla Model 3, BYD Tang, and Porches Taycan are 350V,
650V, and 800V respectively. Under this circumstance, if the
DC- bus voltage cannot decrease to the safe level imme-
diately, it will cause potential disastrous electric shocks,
inevitably threaten the safety of both passengers and rescuers.
In order to avoid such risks, United Nation Vehicle Regu-
lation ECE R94 requires the DC-bus capacitor voltage of
EVs to decrease to the safety voltage (60V) within 5 sec-
onds [14]. To meet this requirement, several researches have
been done to accelerate the dissipation of DC-bus capacitor
voltage, it can be summarized to three categories: two internal
methods, which are pure-winding-based method and inverter
short-circuit method, and one external bleeding resistor (BR)
method [15], [16].

The traditional bleeding resistor method using a switch and
a resistor in parallel on the DC-bus to compose a discharge
circuit, in which the power rating and maximum current
rating of the bleeding resistor is supposed to be high to
satisfy the required discharge time. As a result, the weight and
volume of the resistor will be large, sacrificing the weight,
volume, and efficiency of the EV powertrain system [17].
In terms of the inverter short-circuit method, it achieves the
rapid dissipation of DC-bus voltage by switching on the
MOSFET or IGBT of one or more bridge in the inverter
to constitute a short circuit. Nevertheless, the essence of
short-circuit strategy is to transfer the residual energy into
heat on the power electronics, it will inevitably cause a high
current situation in which the inverter is prone to be dam-
aged [18]. Considering this aspect, the inverter short-circuit
method is not widely adopted in industry. As for pure-
winding-based discharge method, it also changes the rema-
nent energy into the form of heat in same principle as bleeding
resistor but uses PMSMwindings alternatively. In [19], when
a large negative d-axis current and a zero q-axis current are
given, the DC-bus voltage will drop rapidly to the value
equals to the back electromotive force (EMF) and track
the EMF until the rotor speed is zero, in which period the
remanent energy is still high, but the DC-bus voltage is low.
A large negative d-axis current not only dissipates the capac-
itor and rotor kinetic energy immediately, but also weakens
the air-gap flux and further decrease the back EMF which is
tracked by DC-bus voltage. It has to be mentioned that the
PMSM in [19] own the characteristic of low flux and high
current limit, making it possible to pull the back EMF down
to safety voltage (60 V) directly and remain sable by using the
specific control strategy. For EV-PMSM powertrain system
with large inertia and small safe current, the back EMF cannot
be pulled down to safety voltage in most cases, even the
current has reached the limit. In view of this situation, [20]
concentrates no more on the stability of the DC-bus voltage
but comes up with a strategy of giving a large negative d-axis
current and a negative q-axis current to consume the residual
energy. [20] also illustrates that since the negative q-axis
current determines the speed of turning the kinetic energy into

the electrical energy, excessive q-axis current will lead to the
surge of DC-bus voltage, which should definitely be avoided.
On this ground, a sectional q-axis current given strategy is
designed under the principle of preventing DC-bus voltage
surge. In spite of successfully restraining the voltage surge,
this algorithm sections the reference q-axis current by 0.5s,
causing the q-axis current given imprecise. Meanwhile, since
the friction and capacitor energy are ignored, the discharge
time is further extended.

This paper proposes a new control strategy for the
EV-PMSM powertrain system with low safe current limit,
discharging the DC-bus and dissipating the system energy
as soon as possible without the DC-bus voltage surge.
An accurate PMSM phasor diagram model as a generator
is established on basis of analyzing the different stages of
the discharge process. Based on this model, the maximum
power discharge strategy gets the d-axis current given and
q-axis current given by tracing the current locus under the
voltage limit trajectory, the current limit trajectory, and the
power limit trajectory, which have not been used in discharge
process yet. Since the method considers the friction and the
maximum system safe current, the powertrain system will
dissipate the remanent energy in maximum discharge power,
consequently, decreasing the DC-bus voltage and rotor speed
in the fastest way.

The rest of the paper is written in the light of following
structure: Section II analyzes the stages of the discharge pro-
cess piecewise and establishes the PMSM discharge model
as a generator. In Section III, the maximum power dis-
charge (MPD) strategy is described on the basis of the tra-
jectories of the voltage limit, the current limit, and the power
limit, which are modeled according to Section II. Simulations
are conducted to verify the effectiveness of the proposed
algorithm. Then, the comparative experimental results of
proposed discharge strategy and a negative d-axis reference
current strategy are shown in Section IV. Section V makes a
conclusion of the article.

II. ANALYSIS OF DISCHARGE PROCESS
In order to build the discharge model, the stages of the dis-
charge process should be analyzed in advance. Meanwhile,
an accurate PMSM phasor diagram model is established,
which is crucial for it determines the authenticity of the volt-
age, current, and power trajectories, and further influences
the effectiveness of the strategy. Referring to the strategy of
giving a negative d-axis current and a negative q-axis current,
a schematic diagram demonstrating the change of DC-bus
voltage and rotor speed in the discharge process is given
as Fig.2.

A. STAGES OF DISCHARGE PROCESS
Summarizing from Fig.2, the discharge process can be
divided into three stages: (1) t0-t1: at the beginning of the
discharge, the initial DC-bus voltage is much higher than the
back EMF at the current speed, causing that the energy flows
from DC-bus to the PMSM. The Udc declines rapidly to the
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FIGURE 2. Schematic diagram of discharge process.

balanced position at t1 in turn. The PMSM phasor diagram
cannot be drawn at this stage due to the uncontrolled state
of the system caused by the high voltage difference between
the PMSM and DC-bus. (2) t1-t2: after a quick drop of the
DC-bus voltage, the PMSM starts to work as a generator,
where the Udc is related to the rectified PMSM line voltage
determined by rotor speed, flux, and current. The voltage
at t2 can be pulled down to safety voltage (60 V) in [19]
because the high system safe current (150 A) weakens the
flux which is originally not high, thus dramatically reducing
the back EMF even though the speed is high. Notably, not
only it cannot be achieved in the small safe current systems,
but also the Udc will surge if a large q-axis current is given.
(3) t2-t3: With the dissipating of the rotor kinetic energy,
the rotor speed decelerates from ω0 to ω2, at which Udc
rectified by the back EMF is equal to the safety volt-
age and will goes down continuously to 0 (t3). For the
sake of shortening the second stage, specifically, short-
ening the time from t0 and t2 to less than 5 seconds,
a maximum power discharge strategy needs to be
designed.

B. MODELING OF PMSM WORKING AS A GENERATOR
When operating as a generator, the PMSM is working at a
fixed speed with three phases connected to the grid directly
or through an uncontrolled rectifier indirectly most [21].
As for discharge process, the inverter is working as a rectifier
while the speed is changing. Udc is determined by the back
EMF and the load, which is of great difference with the
regular generator state. For the sake of drawing the volt-
age limit trajectory as accurate as possible, thereby getting
the precise d-axis current and q-axis current in the con-
trol algorithm, an accurate PMSM phasor diagram model is
established.

Focusing on the steady-state of the discharge process,
the voltage equations of the PMSM can be expressed
as:

Ud = RsId − ωeLqIq (1)

Uq = RsIq + ωeLd Id + ωeφf (2)

where Ld and Lq are the d axis and q axis inductances, as for
surface permanent magnet synchronous machines (SPMSM),
Ld = Lq. Moreover, φf is the permanent magnet flux linkage

and ωe is the electrical angular velocity, the relations between
rotate speed n, mechanical angular velocity ωm and ωe
is:

ωe = pωm = p
n · 2π
60

(3)

where p is the number of pole pairs. Ignoring the mutual
inductance, the phasor diagram of an IPMSM during the
discharge process, in which the load is close to be capacitive,
can be depicted in Fig.3, whereU and I are the phase voltage
and current respectively; X is the motor inductance and for
SPMSM X equals to Xd ; Rs is the phase resistance. The
mainly difference between motor state and generator state is
whether the value of the composited Iq is positive or negative
under the same reference direction. We can obtain from the
phasor diagram:

ϕ = α + β

= arctan(
Iq
Id
)+ arctan(

IXs
IRs

)

= arctan(
Iq
Id
)+ arctan(

ωeLs
Rs

) (4)

FIGURE 3. The phasor diagram of PMSM during discharge process.

Thus, the back EMF e0 satisfies the equation:

e0 =
√
U2 − (Uzcosϕ)2 + UZ sinϕ (5)

UZ = I
√
R2s + (ωeLs)

2 (6)

where I is the numeric value of the phase current. For a
PMSM, the back EMF is related to the rotor speed and flux
linkage, which can be expressed as:

e0 = Keψf n = ωeψf (7)

where Ke is the back EMF constant which is determined
mainly by the number of pole pairs. A discharge simula-
tion with parameters in Table 1 has been done to verify the
above expression of e0, results are demonstrated in Fig.4.
In order to set up theDC-bus voltage, the traditional discharge
strategy is executed at 0.01 second with an initial angular
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TABLE 1. Powertrain system parameters.

FIGURE 4. Characteristics of a typical winding-based discharge strategy
with a −30A d -axis reference current and zero q-axis reference current.
(a) DC-bus voltage and angular speed characteristics. (b)practical back
EMF and calculated back EMF characteristics.

speed of 157 rad/s, zero q-axis current, and a reference d-axis
current of −30A.

The results of the DC-bus voltage and the angular speed in
Fig.4(a) coincide with the analyzed three stages during the
discharge process, where the voltage drops down to 140V
at the beginning of the discharge instead of directly down
to the safety voltage because of the small safe current limit.
After 5.8s, Udc drops to the safety voltage. In Fig.4(b), e′0 is
the calculated back EMF based on (4), (5), and (6) while e0 is
the actual back EMF obtained from (7). As the consequences
illustrate in Fig.4(b), the back EMF e′0 which is calculated
after a phasor synthesis meets the result of practical back
EMF e0 basically, except for the first stage of discharge
process where the Udc is much higher than the back EMF,
which cannot be equal to the calculated value theoretically.
Though the first stage of the discharge is uncontrollable,
the DC-bus voltage will meet (5) rapidly and follow it for
the rest of the discharging time, making it possible to get the
expression of the Udc, which is essential for the voltage limit
trajectory and the control algorithm. After a transformation
of (5), the DC-bus voltage can be written as (8). Based on the
proposed generator model of the PMSM during discharge,
the locus of the current as the core of the strategy, will be

analyzed in Section III.
Udc =

√
3 ·
√(
ωeψf

)2
− 2abωeψf + b2

a = sin
(
arctg(

Iq
Id
)+ arctg(

ωeLs
Rs

)
)

b = I
√
R2s + (ωeLs)

2

(8)

III. MAXIMUM POWER DISCHARGE STRATEGY BASED
ON THE CURRENT TRAJECTOR
Since the winding-based discharge strategy uses motor resis-
tance to dissipate the extra energy, the discharge power
mainly depends on the current in the motor. Meanwhile,
the transferred power from kinetic to electrical energy is
determined by the electromagnetic power (q-axis current).
A large electromagnetic power beyond the dissipating power,
which is limited by the maximum permitted current, will
cause the DC-bus voltage surge. At the same time, the voltage
equation (1) and (2) needs to satisfy the declining DC-bus
voltage. Thus, an optimal d-axis current and q-axis current
given strategy is proposed on the basis of the trajectories of
the voltage limit, the current limit, and the power limit.

A. MULTIPLE LIMITS OF THE CURRENT TRAJECTORY
Except for the (1), (2), and (8) at the generator state, the
transferred power of the PMSM is:

Ptrans = −
3
2
pψf Iqωm (9)

The dissipating power of the motor consists two parts:
stator copper losses and iron losses, and they can be written
as:

Pdis =
3
2

(
I2d + I

2
q

)
Rs︸ ︷︷ ︸

PCu

+
3
2

U2
d + U

2
q

Rc︸ ︷︷ ︸
PFe

(10)

1) CURRENT LIMIT
The current limit is decided by the minimum permitted value
between the inverter and the motor, which can be specified
as:

Imax = min
{
Imax_inverter , Imax_motor

}
(11)

In d-q plane, the current limit is:

I2d + I
2
q ≤ I2max (12)

Id ≥ −
ψf

Ld
(13)

where (12) can be drawn as the current limit circle
in Fig.5 and (13) is the critical d-axis current in case of
demagnetization.

2) VOLTAGE LIMIT
The maximum DC-bus voltage utilization for space vector
pulse width modulation (SVPWM) modulation is

√
3, as a
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FIGURE 5. Simulation of current limit (red line), voltage limit (green line),
and power limit (blue line) trajectories for SPMSM in Table 1 from
1500r/min (ωe = 628rad/s) to 0.

result, the voltage limit in d-q plane can be defined as:

U2
d + U

2
q ≤

(
Udc
√
3

)2

(14)

Unlike the regular voltage limit in the normal strat-
egy [22], [23], Udc is continuously declining during the dis-
charge period. Substituting (1), (2), and (8) into (14), the
voltage limit can be written as:(

R2s + ω
2
eL

2
d

)
I2d + 2ω2

eLdψf Id +
(
R2s + ω

2
eL

2
q

)
I2q

+ 2Rsωeψf Iq + 2Rsωe
(
Ld − Lq

)
Id Iq + ω2

eψ
2
f

≤ ω2
eψ

2
f − 2abωeψf + b2 (15)

For SPMSM (Ld = Lq = Ls), ignoring the iron losses and
the stator resistance voltage, the trajectory of (14) in d-q plane
turns to be an ellipse:

I2d
ω2
eψ

2
f

R2s+ω2
eL2s

+

(
Iq +

Rsωeψf
R2s+ω2

eL2s

)
R2sω2

eψ
2
f

(R2s+ω2
eL2s )

2

= 1 (16)

As seen in Fig.5, the center of the ellipse is on the negative
shaft of the q-axis and will move away from the origin when
ωe ≤ Rs/Ls, and then move towards zero as speed increases.

3) POWER LIMIT
For the sake of avoiding DC-bus voltage surge, the transfer
power must obey the principle Pconv ≤ Pdis:

−
3
2
pψf Iqωm ≤

3
2

(
I2d + I

2
q

)
Rs +

3
2

U2
d + U

2
q

Rc
(17)

According to (1) and (2), (17) can be specifically written
as:(
Id +

ω2
eLsψf

R2s + RcRs+ω2
eL2s

)2

+

(
Iq+

(Rs+0.5Rc) ωeψf
R2s + RcRs + ω2

eL2s

)2

≥

(
0.5Rcωeψf

R2s + RcRs + ω2
eL2s

)2

(18)

Considering Rc is much larger than Rs at high rotor speed
at the beginning of the discharge progress, the iron losses can
be omitted and (16) can be approximated as:

I2d +
(
Iq +

ωeψf

2Rs

)2

=

(
ωeψf

2Rs

)2

(19)

From Fig.5, it can also be seen that the trajectory of (16)
is a circle with the center on the negative shaft of the q-axis,
and the radius expands as speed increases.

B. PROPOSED MAXIMUM POWER DISCHARGE STRATEGY
In order to make sure the EV-PMSM powertrain system is
working at a safe operating condition, the d-axis and q-axis
currents of the PMSM ought to obey the limits above. It can
be concluded from (12), (13), (16), and (18) that the limit
trajectories are determined not only by the electrical angular
speed, but also by the motor parameters. Hence, the border
of the available d-axis and q-axis current giving area needs
to be confirmed, which is a complex work, especially under
three different trajectories.

First of all, the current limit trajectory which is a fixed
circle in d-q plane is decided only by the system minimum
current, making it the main limit condition. Both the volt-
age limit trajectory and power limit trajectory will shrink
as speed decreases in Fig.5. As a result, there must be a
critical speed separately for them to have intersection with
the current limit trajectory. Combining (12) and (16), we can
get the solution of the intersection point of current and voltage
limit:

Iq =
−Rsψf ± Rs

√(
ψ2
f − L

2
s I2max

)
ωeL2s

(20)

with the requirement:

4R2sω
2
e

(
ψ2
f − L

2
s I

2
max

)
> 0 (21)

According to (13), we can calculate that (21) is satisfied,
which means the current limit and voltage limit always have
intersection point. However, the trajectories in Fig.5 show
that whenωe is below a specific value, there is no intersection
point. Thus, it has to be emphasized that even though the
discriminant is greater than 0, the calculated Iq should be
located in real number range of the voltage limit ellipse, or the
solution will be imaginary numbers. From (16) we can get the
range of Iq is:

Iq ∈
[
−

2Rsωeψf
R2s + ω2

eL2s
, 0
]

(22)
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Further if the voltage limit has an intersection with the
current limit, Iq must satisfy the condition:

Iq =
−Rsψf + Rs

√(
ψ2
f − L

2
s I2max

)
ωeL2s

≥ −
2Rsωeψf
R2s + ω2

eL2s
(23)

where the critical speed is:

ωe ≥

Rsψf − Rs

√(
ψ2
f − L

2
s I2max

)
ImaxL2s

= ωth_voltage (24)

Similarly, by combining (12) and (19), the solution of the
intersection point of current and power limit trajectories can
be calculated as:

Iq =
−RsI2max
ωeψf

(25)

If Iq is located in the power limit circle, ωe should satisfy
the condition:

Iq =
−RsI2max
ωeψf

≥
−ωeψf

Rs
(26)

ωe ≥
RsImax
ψf

= ωth_power (27)

When ωe is large enough, both the voltage and power
limit trajectory will have intersection points with current limit
trajectory. Since the reference d-axis current and reference
q-axis current are negative, we only concentrate on the third
quadrant of the d-q plane. The value of (20) and (25) at
the same speed should be compared, so as to make sure the
specific area for d-axis and q-axis current to refer. The result
of (20)-(25) is:

Rs

(
ψf −

√(
ψ2
f − L

2
s I2max

))√(
ψ2
f − L

2
s I2max

)
ωeψf L2s

> 0

(28)

which means that the q-axis value of the intersection point
of power limit and current limit (e.g. B in Fig.6) is smaller
than that of voltage limit and current limit (e.g. A in Fig.6) all
the time. On the basis of this, the available reference current
area can be confirmed, for example the orange area in Fig.6
when ωe is 200 rad/s.
As for maximum power discharge strategy, the transfer

power is supposed to be as large as possible in the premise
of matching the dissipating power, concretely, the q-axis
current should be as small as possible in the available current
area. As seen from Fig.6, when ωe is 200 rad/s, the opti-
mal reference current should be at B, which is the inter-
section point of power limit and current limit. As speed
decreases, the voltage limit trajectory and the power limit
trajectory will shrink towards the origin point. Both of
the two trajectories have a critical speed, below which the

FIGURE 6. The available area and operating trajectories of d -axis and
q-axis current for reference under the current limit (30A,red line),
the voltage limit (green line), and the power limit (blue line).

limit will have no section with the current limit. The result
of (27)-(24) is:

ωth_power − ωth_voltage

=

Rs

(
ψf −

√(
ψ2
f − L

2
s I2max

))√(
ψ2
f − L

2
s I2max

)
ψf ImaxL2s

> 0

(29)

which certifies that the power limit circle will detach from
the current circle earlier than the voltage circle as speed
decreases, causing the optimal current trajectory should fol-
low the current limit circle until the power limit circle reach
the detach point D. During this period, the optimal reference
current should follow (25) at each speed. When ωe is lower
than the critical speed in (27), the power limit trajectory will
detach from the current limit circle and shrink towards the
origin point (from D to F). As a result, the optimal reference
current cannot be at the current limit circle anymore, it is then
supposed to follow the minimum q-axis value of the power
limit circle to the origin point for the purpose of achieving the
maximum power discharge strategy. In conclusion, the opti-
mal current reference can be summarized as:{

Id_ref =
√
I2max − I2q ωe > ωth

Id_ref = 0 ωe ≤ ωth
(30)

Iq_ref =
−RsI2max
ωeψf

ωe > ωth

Iq_ref = −
ωeψf

Rs
ωe ≤ ωth

(31)

The control block diagram of the proposed maximum
power discharge strategy is shown in Fig.7, where two
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FIGURE 7. Control block diagram of the maximum discharge strategy.

FIGURE 8. Characteristics of the proposed discharge strategy. (a) DC-bus
voltage and angular speed characteristics. (b) d -axis current and
reference. (c) q-axis current and reference.

PI controllers are used for current control and the SVPWM
is employed as modulation in the topology.

Based on the parameters in Table 1, the simulation of the
proposed strategy has been done with the results in Fig.8.
Compared with the method of giving a −30A reference
d-axis current in section II, the DC-bus voltage in this method
declines to 60V within 4.2s (1.6s faster than 5.8 s in the
previous method), which meets the requirement of discharge.
The DC-bus voltage drops to 100V quickly in Fig.8(a) rather
than 94V in Fig.4(a) mainly because the q-axis current in the
maximum power discharge strategy is larger than that in the
traditional method. Accordingly, the d-axis current is smaller,
further affecting the back EMF.

As can be seen in Fig.8(c), the q-axis current follows the
reference values well and can be separated into two stages.
At the first stage the q-axis current is increasing as the speed
decreases, while the d-axis current has no evident changes at
the beginning of this stage due to the q-axis current is quite

small. Then after the q-axis current almost reaches the current
limit, at which the d-axis is almost zero and the q-axis current
follows the reference to zero. The two stages correspond
well to the trajectory A-D and D-F in Fig.6 separately and
there is no voltage surge during the whole discharge process,
which is also the purpose of the proposed strategy. It is
worth noticing that since the q-axis current can be as large
as the limit current after the DV-bus voltage is below 60V,
the discharge time from 60V to 0V will also be much shorter
than the traditional strategy, making the discharge process
safer. Apparently, the simulation proves the effectiveness of
the proposed method partly, the characteristics are further
verified by experiments in the Section IV.

IV. EXPERIMENTAL RESULTS
The experimental platform is shown in Fig.9, with the param-
eters of the three-phase PMSM listed in Table 1. Three IGBT
drive modules, Concept 2SD315AN, make up the inverter
which is powered at 310V by a DC bus supply. A 420µF thin-
film capacitor, UP3-21347K, is connected in parallel with the
DC bus. The control board uses DSP TMS320F28335 as the
main control chip, working at the frequency of 10kHz. Three
current sample channels using LT58-S7SP8 and a voltage
sample channel using LV25-P are connected to the control
board for three-phase current and DC-bus voltage sampling.
For the sake of simulating the real situation of powertrain sys-
tem, an inertia wheel is mounted on themotor shaft. A breaker
is connected in series with the dc bus to cut down the power
supply when changing the algorithm. The experiment firstly
uses a double closed-loop control algorithm [24] to accelerate
the motor to rated speed. Once a discharge signal is given,
the discharge algorithm will substitute the original algorithm
while the breaker will cut off the power.

FIGURE 9. The experimental platform.

The experimental results of the traditional discharge
method are demonstrated in Fig.10. The discharge is
requested when the rotor speed reaches 157rad/s at around 1s,
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FIGURE 10. Experimental results of the traditional discharge method with
a −30A d -axis reference current and zero q-axis reference current.
(a) DC-bus voltage and angular speed. (b) d -axis and q-axis current.

at which time the DC-bus voltage drops to 100 V rapidly
and takes 4.9 s to decline below the safety voltage, being
a little bit shorter than the simulation. Once the discharge
is required, the d-axis current drops to −30 A quickly and
track the reference current until 8.5 s. The q-axis current is
almost zero at the beginning of the discharge but gradually
increasing until 8.5 s due to the cross-coupling [25], [26]
effect. Then both the d-axis and q-axis current decline to zero
as the energy in the motor has been almost dissipated.

Fig.10 illustrates the experimental results of the proposed
discharge algorithm, which is requested at 2 s under the same
speedwith the traditionalmethod. Apparently, the time for the
capacitor voltage to drop to 60 V is 3.7 s (1.2 s shorter than
the traditional strategy), proving that the proposed strategy
can accelerate the consuming process effectively. Since the
proposed algorithm obey the principle Pconv ≤ Pdis, there
is no voltage surge during the whole experiment. It can be
seen from Fig.11(b) that the q-axis current is not zero at
the beginning but also not too large, that is because the
initial speed is high, causing the conversion power beyond the
dissipating power easily even if the q-axis current is not large.
As speed decreases, q-axis current will increase to the limit
current while d-axis current will decrease to zero at 8.3 s,
which is in accordance with the simulation. Fig.11(c) shows
the characteristics of the phase A current from 4.05s to 4.1s,
the current is quite sinusoidal.

In order to verify the proposed algorithm follows the
maximum power trajectory, a reference current which is
1.1 times larger than in Fig.11 is given at the beginning of the
experiment, the results are depicted in Fig.12. Considering
that if a 1.1 times reference current is continuously giving,
the DC-bus voltage will increase until it reaches the limit safe
voltage of the system, the larger reference current is given
for 1 s and then return to the normal value. In Fig.12(a) the
DC-bus voltage surge (about 260 V) appears when the refer-
ence current is larger than the proposed value, and the time

FIGURE 11. Experimental results of the proposed discharge strategy with
an initial speed of 157rad/s. (a) DC-bus voltage and angular speed.
(b) d -axis and q-axis current. (c)Phase A current.

FIGURE 12. Experimental results of the proposed discharge strategy with
1.1 times reference current and an initial speed of 157 rad/s. (a) DC-bus
voltage and angular speed. (b) d -axis and q-axis current.

for the voltage to decline to 60 V is 0.2 s shorter (about 3.7 s)
than the proposed strategy. The experiment results prove the
proposed algorithm can avoid voltage surge availably and
discharge as quickly as possible at the same time.

For the sake of testifying the proposed method is suit-
able for all speed range, an experiment with an initial speed
of 105 rad/s is carried out and the results are shown in Fig.13.
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FIGURE 13. Experimental results of the proposed discharge strategy with
an initial speed of 105 rad/s. (a) DC-bus voltage and angular speed.
(b) d -axis and q-axis current.

Because of the low speed, the back EMF is smaller, causing
the voltage drops to 60 V in only 1 s. Meanwhile, the q-axis
reference current can be larger from the start due to the low
initial speed. Similarly, no voltage surge appears during the
discharge process.

Comparing the DC-bus voltage discharge time from 310 V
to 60 V in Fig.10, Fig.11, and Fig.12, it can be concluded
that the proposed method can shorten the discharge time
evidently by 24.5%. Even though a larger reference current in
Fig.12 can further shorten the dissipate time, the voltage surge
cannot be avoided. Hence, the proposed strategy is more
suitable for the EV-PMSM powertrain system to dissipate
the capacitor voltage. Secondly, in order to make sure the
powertrain system is working under a safe condition, three
constraints of the discharge course were given by utilizing
the established model. The parameters of the PMSM will
barely change during the discharge process due to the short
discharging time [27]. For some situations such as discharge
after long time working, adding an observer for ψf and Rs
before the discharge algorithm is switched on will improve
the accuracy of the algorithm.

V. CONCLUSION
This paper proposes a novel maximum power discharge strat-
egy based on the internal windings to meet the discharge
requirement as quickly as possible without voltage surge for
EV-PMSM powertrain system. The contributions and novel-
ties of this paper are as follows:

1) An accurate PMSM phasor diagram model as a gener-
ator is established on basis of analyzing the different
stages of the discharge process. Simulations are con-
ducted to verify the accuracy of the established model.

2) To make sure that the powertrain system is working
under a safe condition, three constraints of the dis-
charge course were given by utilizing the established
model. By drawing the trajectories of the current limit,
voltage limit, and power limit, an algorithm of finding

the optimal reference d-axis and q-axis current is pro-
posed. This algorithm achieves the maximum power
discharge without voltage surge for large inertia and
small safe current system.

The simulations and experiments were carried out on a
PMSM powertrain platform, proving that the proposed strat-
egy can shorten the discharging time effectively compared
with the traditional method, and the voltage surge can be
avoided at the same time. Overall, the proposed discharg-
ing method can improve not only the safety level of the
EV-PMSM powertrain system when accident occurs, but
also the applicability of the powertrain system with different
parameters such as safe current and inertia.
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