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ABSTRACT With the trend towards the miniaturisation and electrification of automotive components,
the electric oil pump (EOP) is generally designed as an integrated powerpack in which a motor and an
electronic control unit (ECU) are combined into an integrated system, with the electronic components of the
ECU exposed to harsher temperature environments. The critical weakness of the traditional design is short-
circuit failures, and the most common protection method is Vds monitoring. However, this method cannot
predict the accurate protection current, indicating that the fault detection level and short-circuit current (SCC)
may change depending on the operating temperature and load condition to which the devices are subject.
In this case, switching devices can be destroyed or deteriorated if they are unexpectedly placed outside of the
protection range. This study proposes an online short-circuit protection method in which the optimal fault
threshold can be controlled in real time, in accordance with changes in temperature and load conditions.
To this end, this study investigates the cause of fluctuations in SCC and analyses the protection range and
qualification time for SCC through worst-case analysis. To determine the optimal fault threshold, the SCC
waveform is estimated through circuit analysis and a method of estimating Rdson(Tj), which is the cause of
SCC fluctuation, is proposed based on simulation and experimental data. Finally, according to Rdson(Tj),
optimal thresholds are derived and the proposed methods are experimentally-verified. It is found that the
SCC could be predicted and managed within the protection range by the proposed new protection method.

INDEX TERMS Automotive electric powerpack, diagnosis, electric oil pump, gate drive circuit, junction
temperature, optimal fault threshold, short-circuit protection, short-circuit current waveform.

I. INTRODUCTION
To improve vehicular fuel efficiency, research on the elec-
trification of powertrain components is being actively con-
ducted. A particular focus of these efforts is the electric oil
pump (EOP), which is located in the automatic transmis-
sion (AT). It provides the pressure and flow required by
the system and superseded mechanical oil pumps [1]–[6].
When an AT vehicle enters and releases the idle, stop and
go modes, it supplies automatic transmission fluid (ATF) oil
to the transmission in order to reduce shift shock, improve
efficiency and reduce exhaust gas. Due to transmission space
limitations, the EOP has recently often been designed as a
powerpack-type unit, with the hydraulic pump of the electric
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motor and electronic control unit (ECU) integrated [7], [8].
An EOP powerpack consists of mechanical and electrical
components, and demand for the reliability and robustness
of the electrical components has progressively increased.
In particular, the design of diagnostic mechanisms for detect-
ing and reacting to electrical failures should be prioritised.

The most critical electrical failure in an EOP power-
pack, is a short-circuit (SC). If the oil circulated to the
pump and motor leaks and flows into the ECU, the metallic
particles contained in the oil may cause SCs between the
pins of the electronic components or printed circuit board
(PCB) patterns. Outside of the powerpack, there is a risk
that long cables or wire harnesses connecting the battery
or transmission control unit could cause SC failures. When
a short-circuit-to-battery (SCB) or short-circuit-to-ground
(SCG) event occurs in one of the inverter legs, it becomes
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a low-impedance path between the battery and ground, and
hundreds of amperes of current flow through the switching
device, causing the device to burn. Owing to the limited
size of the powerpack, the power semiconductor switching
devices must have a smaller die size, which further reduces
their SC capability [9], [10]. In the EOP powerpack connected
to the 12-V battery, the automotive metal oxide semiconduc-
tor field-effect transistor (MOSFET)with drain-source break-
down voltage of 40 V is primarily used as a switching device.
Generally, for an SC-withstand time, the motor can withstand
for a few milliseconds to a few seconds; however, the MOS-
FET can only withstand for a few microseconds [11]–[14].

Protection methods against overcurrent or SC fault have
been proposed in numerous previous studies. There are
methods of directly measuring current using a shunt resis-
tor or a current sensor [15]–[18], monitoring the change of
did/dt [19]–[22], monitoring the gate-source voltage and gate
charge characteristics [23] and using sense FET or a current
mirror [24], [25]. Among these techniques, the most common
method applied to the automotive three-phase low-voltage
MOSFET driver circuit is the voltage from the drain to the
source Vds monitoring [26]–[30]. When an SC event occurs,
the increasing drain current increases Vds higher than the
preset threshold voltage and a Vds overvoltage (OV) fault is
detected. However, this method requires a blanking time to
prevent a false trigger [31], and because it senses the voltage
rather than the drain current directly, it is not possible to
protect with a preset current or to predict an accurate pro-
tection current [19], [27]. The fault detection level and peak
SC current (SCC) level vary with the environmental operating
temperature and load conditions that affect the MOSFET’s
temperature. A low-frequency and harmonic oscillation may
also affect it [32]–[34]. Particularly in EOP powerpack appli-
cations, these drawbacks of the Vds monitoring method may
deteriorate the SC capability of MOSFET, which may lead
to failure of protection or diagnosis. Because EOP power-
packs are located in a transmission, they are exposed to poor
environmental conditions. In particular, in terms of operating
temperature, the ATF’s oil temperature around the powerpack
is between 20◦C and 120◦C, and its ambient temperature is
between −40◦C and 130◦C [35]. In the powerpack structure
integrated into the motor, the ECU must be able to operate
within a very wide range, from −40◦C to 150◦C, due to self-
heating of the ECU and heat from the motor. In addition,
the powerpack has various load profiles by changing the
output of the pump and motor according to oil temperature
change.

This study proposes a method to predict the SCC in Vds
monitoring and proposes a new protection method in which
the SCC can be controlledwithin a certain protection range by
applying the optimal fault threshold according to a wide oper-
ating temperature and various load conditions. When the pro-
posed method is applied to the EOP powerpack, an improved
diagnostic function with high quality can be provided. The
rest of this article is organized as follows. In Section II,
the causes of the change in the fault detection level of Vds

monitoring and the fluctuation in SCC are analysed. In addi-
tion, methods for determining the protection range for SCC
and the filtering time of Vds OV fault are theoretically derived
through worst-case analysis. In Section III, to predict the
SCC, the SCC waveform is estimated through circuit anal-
ysis, and the SCC map was derived. Further, to apply the
optimal fault threshold according to various operating tem-
peratures and load conditions, the on-resistance estimation
method is discussed using simulation and experimental data.
In Section IV, a new SC protection method with an adjustable
fault threshold is proposed. The experiment results and the
performance of the proposedmethod are verified in SectionV.
Finally, this article is concluded in Section VI.

II. AN SCC ANALYSIS
A. SCC FLUCTUATION IN VDS MONITORING METHOD
The SC failure can be detected via a Vds OV fault diagnos-
tic method that compares the Vds of the external MOSFET
with the pre-selected Vds OV fault threshold Vdsth. As is
shown in Fig. 1(a), the SCB event occurs when the high-
side MOSFET is shortened in one leg of the inverters and
the low-side MOSET is turned on. The Vds of the low-side
MOSFET Vds_LS is then increased by the SCC Isc, which
gradually increases over time, and then Vds_LS becomes
greater than Vdsth. At this point, the Vds OV fault is detected
and then the output voltage PWM of the gate drive circuit
is turned off, and the current path between the battery and
ground is cut off. In summary, when the SCB event occurs,
Vds_LS can be expressed as Isc and the drain-source on-
resistance of the MOSFET Rdson, as in equation (1), and the
Vds OV fault is detected when Vds_LS is equal to Vdsth, as in
equation (2):

Vds_LS (t) = Isc (t)× Rdson (1)

Vdsth = Vds_LS (t1) = Isc (t1)× Rdson (2)

Fig. 1(b) shows the change in the waveform of Isc and the
gate-source voltage Vgs waveform of low-side MOSFET. The
upper current limit (UCL) and lower current limit (LCL) rep-
resent the minimum andmaximum ranges of the SCC defined
by the system specifications. Typically, the UCL is the maxi-
mum level of the SCC that the MOSFET can withstand. The
LCL prevents normal current from being recognised as the
SCC and its role is to prevent false fault detection; that is,
the LCL is the maximum current value allowed by the system
as a normal current. As is shown in the current curve of the
black line in Fig. 1(b), the Isc(t1) (when Vds_LS is equal to
Vdsth at t1) is defined as an SC detection current Idet . The tqt
is a qualification time for detecting an intrinsic fault in order
to prevent a false fault due to a temporary peak surge current.
When it is determined that it is an intrinsicVds OV fault that is,
after tqt , the PWM output of the gate drive circuit is switched
off, followed by the motor. The safety goal of the EOP power-
pack is to avoid unintended operation of the pump and, when
detecting a fault that violates a safety goal, it is reasonable
to enter the inverter output disabled state because the defined
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FIGURE 1. When the SCB event occurs: (a) Vds OV fault detection circuit diagram of one of the inverter legs, (b) the waveforms of Isc and Vgs
of the low-side MOSFET.

safe state is a motor without torque. When the Isc is cut off
at t2, the maximum current affecting the MOSFET is defined
as a peak SCC Ipk . At t2, the PWM output is also turned off,
and so the Vgs of the low-side MOSFET drops to zero. The
Ipk flowing through the low-side MOSFET is always larger
than Idet . The Vds OV fault detection mechanism in the SCG
event is also operated similarly as the SCB case, where the
low-side MOSFET is shortened and the fault can be detected
in the high-side MOSFET. Therefore, except for SCG, this
study is analysed and described based on the case of SCB
event.

The factor that has the greatest influence on the fault
threshold for SCs detection is the Rdson of MOSFET,
as is described in equation (1). Most commercially-available
MOSFETs feature at least twice the difference in Rdson,
depending on the junction temperature Tj. The Rdson can be
changed not only by Tj but also by the Vgs, the threshold volt-
age of the MOSFET Vth, and the drain current Id . In general,
however, the Vgs, supplied by the constant output voltage of
the gate drive circuit with the charge pump does not change
significantly with the temperature and the change in Rdson by
Id is also less than the change by Tj. Therefore, the change
in Tj has the most influence on the change in Rdson. When
an SC protection circuit has a pre-selected Vdsth, Idet and Ipk
change due to the change in Rdson according to Tj. The blue
and red dotted lines in Fig. 1(b) represent the waveforms of
Isc according to the change in Rdson(Tj) when Vdsth is fixed.
In the case of the blue dotted line, Idet decreases when the
Rdson value increases, because Tj is high. Therefore, Ipk is
not greater than LCL. In the case of the red dotted line,
Idet increases when the Rdson value decreases, because Tj
is low. Therefore, Ipk exceeds UCL. This figure shows that
Idet and Ipk can vary significantly, according to Rdson(Tj).
As Ipk increases, the SC-withstand time of the MOSFET
can gradually decrease, which may damage or deteriorate the

MOSFET and, as the Idet decreases, the probability increases
of misdiagnosing a normal peak current as the SCC.

This unpredictable SCC is dependent on Rdson(Tj),
increases the residual risk and reduces diagnostic coverage,
which may not satisfy the functional safety requirements. It is
necessary to reduce the deviation of Idet and Ipk according
to the Rdson(Tj), so that the SCC does not deviate from the
specified diagnostic range under any operating conditions,
thereby reducing the failure rate of the safety mechanism and
the protection malfunction. To solve this problem, the Vdsth is
not fixed but should be changed to an optimal fault threshold
level according to Rdson(Tj), and Idet and Ipk can be constantly
controlled regardless of the influence of temperature and load
conditions.

B. DETERMINATION OF THE PROTECTION RANGE
To select the optimal fault threshold, the minimum and max-
imum range of the SCC had to be determined. The allowable
range of the SCC is defined by the UCL and LCL. The UCL
is the maximum current that the SCC must not exceed for
the protection of the MOSFETs, and LCL is the minimum
current that should be diagnosed as the SCC. Therefore, the
UCL relates to Ipk and LCL to Idet .
TheUCL is based on themaximum Ipk without any damage

to the MOSFET and the SCC must not exceed the UCL.
The current limit without damage to the MOSFET may vary
depending on the temperature, but the Tj can change rapidly,
depending on the load current, and it is difficult to con-
sider the UCL separately for every change in the Tj, and
so the worst-case condition is assumed and selected. And,
due to the distribution or error in the characteristics of mass
parts, a safety margin is required to secure the stability of
all parts. The allowable level and duration of the SCC that
can flow to the MOSFET relate to the maximum operating
temperature of the MOSFET and the thermal capacity of
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TABLE 1. Mosfet parameters required for calculating equation (3).

the package or die. The allowable instantaneous drain pulse
current Idp capability can then be calculated via equation (3),
considering the worst-case:

Idp =

√
Tj.max − Tc.max

Rdson.max × Zth(j−c)(tp)
× (1− SM ) (3)

The parameters related to equation (3) are shown
in Table 1. The Tc.max was considered the maximum case
temperature in the worst-case operating condition, and the
case temperature was measured by attaching thermal cou-
plers. The Tc.max was then saturated to 150◦C under worst-
case load condition. The SCC is generally in the form of
a triangular pulse waveform but, assuming the worst-case
condition, it was assumed to be a single rectangular pulse
waveform and the pulse width tp of the SCC was assumed
to be 50 µs or less. The Zth(j−c) (tp =50 µs) was known
from the transient thermal impedance curves of the MOSFET
datasheet [36], and the safety margin was assumed to be 20%.
As the Idp calculation result of equation (3), the UCL was
determined to be 235 A.

The LCL is based on the minimum Idet that can be consid-
ered the SC failure, and the LCL should be selected with a
safety margin above the maximum operating peak motor cur-
rent flowing through the MOSFETs for short durations. The
instantaneous current, generated when a very high torque is
instantaneously required or when the brake mode is required,
should be regarded as the normal operating current and not the
SCC. The peak current required for normal operation should
not be incorrectly sensed as the SCC. When considering all
of the overall motor current profile for the various load points
in the EOP powerpack, the LCL was determined in this study
to be 140 A.

C. DETERMINATION OF THE QUALIFICATION TIME
In addition to selecting the allowable range of the SCC,
the filtering time tqt to confirm the fault was required for
improving the accuracy of the diagnosis. After the SC detec-
tion and tqt had expired, the Vds OV fault could be confirmed
and the SCC shut-off reaction occurred. Fig. 2(a) shows a
simplified gate drive circuit that outputs the gate voltage to
the external MOSFETs.

To select the optimal tqt , other fault monitoring functions
than the Vds monitoring must be considered. The voltages
of the external MOSFET to be monitored, which the gate
drive circuit must monitor for diagnostic purposes, include
not only Vds but also Vgs, as is shown in Fig. 2(a). The
Vds monitoring is used for detecting SCs, whereas the Vgs
monitoring ensures that sufficient gate voltage is provided to
the MOSFET [37]–[39]. The Vgs undervoltage (UV) fault is
to diagnose that the gate drive voltage is sufficient to fully
turn on the external MOSFETs. In order to reduce the design
cost and complexity of gate driver circuit, the same filtering
time tqt can be applied to the Vds OV fault and Vgs UV fault
detection [39]. The SCC can then be increased rapidly over
an extremely short time-frame. In terms of SC detection, as
the Ipk can be reduced as tqt becomes shorter, it can be better
assured to prevent damage or deterioration of MOSFETs.
However, if the tqt is too short, the gate drive voltage does not
exceed the defined Vgs UV fault threshold voltage level and
the Vgs UV fault flag will become active. That is, the selection
of the tqt features a trade-off between the Vds OV fault and the
Vgs UV fault detection.

In Fig. 2(b), Vgsth is the Vgs UV fault threshold voltage
level and the time when the Vgs rises to Vgsth is defined
as tgs_uv. The vgs(t) is the time-varying gate to the source
voltage. The left-hand side of Fig. 2(b) shows that the Vgs UV
fault flag is activated because tqt is less than tgs_uv (vgs(tqt )
is less than Vgsth), whereas the right-hand side of Fig. 2(b)
shows that the Vgs UV fault flag is not activated because tqt
is longer than tgs_uv (vgs(tqt ) is greater than Vgsth). In other
words, if tqt is selected to be shorter than tgs_uv to reduce Ipk ,
the functionality of the diagnostic will not work properly due
to an unintended Vgs UV fault flag interrupt. The tqt should
be selected to at least be larger than the tgs_uv, but the tgs_uv
can be changed by several characteristic parameter values
related to the MOSFET turn-on. The tgs_uv must then be
calculated through the worst-case analysis with the minimum
and maximum values of each parameter, with the longest
tgs_uv being used as the criterion for selecting the tqt . As is
shown in Fig. 2(c), tgs_uv includes the sum of the periods
of TA, TB and TC . The t3 is the time point at which vgs(t)
becomes Vgsth. Vgp is the gate plateau voltage. To calculate
each period of TA, TB and TC , a simple equivalent circuit
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FIGURE 2. Analysis required to determine qualification time: (a) simplified circuit of the gate drive output and one of the inverter legs,
(b) waveform comparison of the qualifying timer and vgs(t) based on the presence or absence of faults, (c) turn-on transient of the
MOSFET and (d) simplified circuit from the gate drive output to the MOSFET gate equivalent model.

TABLE 2. Parameters related to the turn-on MOSFET.

considering the parameters related to the turn-on transient of
MOSFET is shown in Fig. 2(d). Vboot and Vsup are the gate
output voltage of the high-side and low-side driver, Rext and
Rg are the external and internal gate resistance of MOSFET,
Cgs and Cgd are gate-source and gate-drain capacitance. The
formulas for TA, TB and TC can be derived through the
process of charging the gate from the equivalent circuit [40].
TA(0 − t1), TB(t1 − t2) and TC (t2 − t3) can be calculated

by means of equations (4)–(9) in both the high-side (TA_HS ,
TB_HS , TC_HS ) and low-side cases (TA_LS , TB_LS , TC_LS ).
The parameters of equations (4)–(9) and their minimum and
maximum values are listed in Table 2.

TA_HS = Rg_totCgs × ln

 1

1− Vgp
Vboot

 (4)

52296 VOLUME 9, 2021



Y. Noh et al.: Online SC Protection Strategy of Electric Powerpack for EOP Applications

TABLE 3. The calculation results of the worst-case analysis.

TA_LS = Rg_totCgs × ln

 1

1− Vgp
Vsup

 (5)

TB_HS = Rg_totCgd ×
Vds

Vboot − Vgp
(6)

TB_LS = Rg_totCgd ×
Vds

Vsup − Vgp
(7)

TC_HS = Rg_totCiss(Vgs=0) × ln
(

Vboot − Vgp
Vboot − Vgsth_H

)
(8)

TC_LS = Rg_totCiss(Vgs=0) × ln
(

Vsup − Vgp
Vsup − Vgsth_L

)
(9)

From −40◦C to 150◦C operating temperatures, variations
in the electrical characteristics of each drive output voltage,
total gate resistance, and variations in the Vgsth for each
drive output voltage were applied. The maximum values
were applied for Cgs, Cgd and Ciss(Vgs=0), and fixed values
were applied for Vgp and Vds. With the minimum, typical
and maximum values of the gate resistances, the gate drive
output voltages and Vgsth values at high-side and low-side,
TA, TB and TC were calculated as all combinable cases, and
the values of tgs_uv were derived for the high-side and low-
side cases. Among the combinations of several cases, Table 3
shows cases in which the minimum, typical and maximum
values of tgs_uv were derived. In calculating the value that tqt
should exceed at least not only tgs_uv but also delay time, such
as the system clock error td1 and delay of the comparator
for fault detection td2. Considering the maximum value of
tgs_uv and the delay times td1 and td2, the tqt must be longer
than 1393 ns. Therefore, the optimal tqt was determined to
be 1.4 µs. The gate drive output could be shut off after 1.4 µs
from the SC detection.

III. AN SCC PREDICTION AND RDSON (TJ ) ESTIMATION
A. SCCW ESTIMATION
Previously, the diagnostic range and qualification time of the
SCC were determined, but the appropriate Vdsth for Idet and
Ipk remain to be determined, which varies depending on the
Rdson(Tj). If the SCC waveform (SCCW) can be formally
and mathematically estimated, the Idet and Ipk values can
be predicted according to Rdson(Tj). To estimate the SCCW,
Fig. 3(a) illustrates a simplifying inverter equivalent circuit
when considering the SCB event situation. When an SC event
occurs, the energy of the rapidly increasing Isc(t) curve can
be supplied from the DC-link’s large aluminium electrolytic
capacitor.

As is shown in Fig. 3(b), the quantity of electric charge Q
required to increase the current to a maximum Ipk (Ipk.max)
within tcut can be calculated from equation (10). And,
in Fig. 3(a), the high-side MOSFET was shortened and, when
the low-side MOSFET was turned on, a low impedance is
formed between the bridge voltage VBAT and ground, and the
Isc(t) rapidly increased, so that the VBAT dropped at the same
time. When the voltage drop of the VBAT was defined as the
1Vdp, as is shown in Fig. 3(b), 1Vdp can be expressed by
equation (11). From this, the minimum capacitance Cmin that
can provide Q during tcut can be derived as equation (12).
Here, Ipk.max was assumed to be 300 A in the worst-case,
tcut was assumed to be 15 µs, the allowable 1Vdp was
assumed to be 5 V (in this study, the nominal battery voltage
was 13.5 V and the minimum operating guarantee voltage
of was 8.5 V, in other words, the ECU can guarantee full
performance even if the VBAT is reduced to 8.5 V) and the
equivalent series resistance (ESR) of the DC-link capaci-
tor was 14 m�. Then, Cmin was calculated as 2813 µF.
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FIGURE 3. When the SCB event occurs: (a) simplified inverter equivalent circuit, (b) Isc rising curve and bridge voltage
VBAT waveform.

The DC-link’s large capacitance was then applied to the EOP
powerpack as 3900µF, which was determined to be sufficient
current source for the increase in Isc(t).

Q =
1
2
Ipk.max tcut (10)

1Vdp = Ipk.max × ESR+
Q
Cmin

(11)

Cmin =
Q

1Vdp − Ipk.max × ESR
(12)

In the event of an SC, the remainder of the circuit, except
for the large capacitance, becomes an RL circuit that com-
prises the parasitic resistances and inductances of the PCB
pattern, the Rdson of the MOSFET and the resistance and
parasitic inductance of the shunt resistor. The Isc(t) instan-
taneously increases in a similar fashion to a rising curve with
the RL time constant.
On the basis of the circuit analysis, the SPICE simulation

was performed to estimate the time-varying current wave-
form when an SC event occurs during motor operation. As is
shown in Fig. 4(a), the simulation scenario was as follows.
While running the motor at 3000 rpm, the SC switch con-
necting the drain and source of the high-side MOSFET of the
U-phase at tshort is forcibly closed.When the low-side FET of
the U-phase is turned on by the operating mode of the 3-leg
inverter, according to the switching state, SC detection will
be performed and the SC reaction (Vgs_LS =0 V) activated
after the filter time of tqt 1.4 µs expires. Then, no current is
freewheeling through the affected FET. As the defined safe
state is a motor without torque, the gate drive circuit should
turn off the affected MOSFET, as well as the other MOSETs.
The simulatedmeasuring point of Isc was placed on the forced
SC switch marked with second in Fig. 4(a). The waveform of
the three-phase currents (Iu, Iv, Iw), Isc, and Vgs_LS are shown
in Fig. 4(b). As the simulation scenario, an SC event occurred
at the point of tshort and the PWMvoltage was then turned off,
and Isc was also cut-off.

Fig. 4(c) shows an enlarged view of the point where the SC
event occurred in the simulated Isc waveform, marked with
‘‘Zoom in Isc’’ in Fig. 4(b). And, how the Idet and Ipk values
change according to Tj was also simulated, and the SCCW
was graphed. It was assumed that the RL time constant do not
change with Tj, but the Rdson changes with Tj. The triangular
waveform graphs of Isc were estimated using the curve fitting
method based on the simulation results for each case, with
Vdsth from 350 mV to 500 mV at 50 mV intervals and Tj
spanning 20◦C to 150◦C. In Fig. 4(c), SCCWs are divided
into four groups according to the Vdsth values, and within one
group, they are graphed according to the change of Tj. The
Idet values can be calculated and predicted with pre-set Vdsth
and Rdson values, but it is difficult to estimate and predict the
Ipk values. However, the Ipk values can be obtained through
the SCCW graphs. The current value after 1.4 µs from Idet
(= Isc(tdet )) point becomes Ipk (= Isc(tpk )).
In the SCCW graphs, for instance, when the Vdsth is

500 mV, the maximum and minimum of the Idet were, respec-
tively, 231 A at Tj =20◦C and 154 A at Tj =150◦C, and the
maximum and minimum of the Ipk were 286 A at Tj =20◦C
and 220 A at Tj =150◦, respectively. The results indicate that
the Idet can vary up to 77 A and that the Ipk can vary up to
66 A depending on the Tj under the same Vdsth. It has been
found that the SCCWs have a very wide distribution at fixed
and same Vdsth.

B. DERIVATION OF SCC MAP AND VARIABLE VDSTH
The Idet and Ipk values, according to each Vdsth and Tj, can
be obtained through the SCCW graphs. With the simulated
and estimated values, the SCC map can be derived as shown
in Table 4. The Tj ranges from 20◦C to 150◦C, but the cold
temperature range was excluded because the oil temperature
around the powerpack is maintained from 20◦C to 120◦C and
the heatsink temperature distribution for the ECU is in the
range of 20◦C or more and occupies more than 95% of the
total lifetime. And, as is shown in Fig. 4(a), the monitoring
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FIGURE 4. SCCW estimation: (a) simulation schematic, (b) simulation waveforms of the phase currents (Iu, Iv , Iw ), SCC (Isc ), and Vgs of the
low-side MOSFET (Vgs_LS ) and (c) SCCW graphs according to Vdsth and Tj .

points of the Vds OV fault are not exactly the drain and source
points of theMOSFET, and it may depend on the PCB design,
but usually the motor phase voltage output point and the point
between the source pin of MOSFET and shunt resistor. The
Rdson is merely the resistance between the source pin and
drain contact of the surface-mount type MOSFET. Therefore,
in addition to the Rdson, the parasitic resistances, such as
the soldering contact resistance and PCB pattern resistance
to monitor Vds should be considered together. In this paper,
the additional 0.3 m� of parasitic resistance Rp was assumed.
Table 4 summarises the Idet and Ipk values for 20◦C–150◦C
in 5◦C increments and the Vdsth from 350 mV to 500 mV
in 50 mV increments.

In the EOP application, the ECU receives the target speed
command from the transmission control unit and performs
torque maintenance control functions when the speed reaches
its specified level, and so the motor current and speed do
not change rapidly over short moments. Typically, in the load
current profile of the EOP, the magnitude of the motor current
can be maintained for a few seconds to a few tens of minutes.

Therefore, there is enough time to estimate the Tj change and
again set Vdsth value according to the Tj.

Changing the Vdsth settings for every too short Tj change,
such as the 1◦C interval, can lead to increased computational
processing unit load. Moreover, as is shown in Table 4, for
changes in Tj of less than 10◦C, the difference in Idet and Ipk
is not as large as 10 A or less. As is shown in the grey blocks
in Table 4, the entire temperature range of 20◦C–150◦C of
Tj was divided into four temperature zones. To reduce the
wide fluctuation range of Idet and Ipk , each different Vdsth
settings are applied according to the each of four temperature
zones. The Vdsth values are determined to be 350 mV at
25◦C–50◦C, 400mV at 50◦C–90◦C, 450mV at 90◦C–125◦C,
and 500 mV at 125◦C–150◦C. If the Tj is estimated to be over
150◦C, an over-temperature fault will be generated and the
EOP powerpack will notify the transmission control unit to
be on standby mode via CAN communication without further
driving the motor.

Fig. 5(a) and (b) shows the comparison of the change
in the Idet and Ipk values according to Tj when Vdsth was
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TABLE 4. Summary of the SCC map.

fixed and Vdsth was changed according to the proposed SCC
map. Fig. 5(a) shows that the fluctuations of Idet and Ipk
across the entire temperature range are large, with some Ipk
exceeding the UCL and some Idet being lower than the LCL.
However, in Fig. 5(b), the fluctuations of Idet and Ipk across
the entire temperature range are small, and Ipk and Idet are
controlled within the UCL and LCL ranges. Based on the
derived SCC map, it has been found that if Vdsth is controlled
and programmable according to junction temperature, the Idet
and Ipk can also be controlled.

C. RDSON (TJ ) ESTIMATION
In order to change optimal Vdsth according to the proposed
SCC map, it is important to accurately estimate Rdson(Tj),
which is the change criterion, according to the operating tem-
perature and load conditions. In general, on-state resistance of
the MOSFET can be expressed as a function Tj, as is shown
in equation (13) [41]:

Rdson
(
Tj
)
= Rdson(25◦C)× (1+

α

100
)
Tj−25◦C

(13)

where α is a technology-dependent constant and has different
values depending on the manufacturers and the MOSFET
device types. The α was assumed to be 0.35. In equation (13),

the slope of the Rdson
(
Tj
)
is ultimately determined by the Tj

values. As the MOSFET is packaged in an epoxy mould, it is
difficult to directly measure the Tj values. Therefore, it may
be estimated through the Tj thermal estimation model. The Tj
can be expressed as equation (14), below:

Tj = Tj_start +1Tj = Tntc + Rj−ntc×Ploss (14)

where Tntc is the value transferred by converting the analogue
output voltage from the negative temperature coefficient of
resistance sensor (NTC) into temperature values and Rj−ntc is
the thermal resistance between the junction and NTC. In the
EOP application, the ECU must measure the temperature
of the hotspot for over-temperature protection. In general,
a temperature sensor such as an NTC is located near the six
switching-MOSFETs and the hotspot temperature is sensed
in real time. The Tj_start can be replaced with the sensing
Tntc values measured in real time. Moreover, 1Tj is due
to the self-heating of the MOSFET and can be calculated
on the basis of the thermal resistance and power loss. The
Rj−ntc was experimentally estimated, and this experimental
principle approach to how the thermal impedance should be
determined is well-known from previous studies [42], [43].
In order to determine Rj−ntc, the temperature rise differ-
ence between the junction and NTC 1Tj−ntc should be
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FIGURE 5. Change of Idet and Ipk with Tj : (a) when Vdsth was fixed at 350, 400, 450 and 500 mV, (b) when Vdsth changes from 350 mV to 500 mV
in 50 mV increments.

FIGURE 6. Rdson(Tj ) estimation: (a) layout of the NTC and six switching-MOSFETs, (b) thermal measurement results of NTC and Tc , and estimated Tj
graph when driving with motor current 10 A, (c) simulation result of Ploss at VBAT = 13.5 V and IMOT = 10 A and (d) the block diagram of the
Rdson(Tj ) calculation module.

obtained after applying a constant power loss Ploss. In order
to obtain 1Tj−ntc, the temperature rise difference should be
divided into1Tc−ntc (between the case and NTC) and1Tj−c
(between the junction and case).

As is shown in Fig. 6(a), as the 1Tc−ntc values have the
deviation according to the PCB layout location of each of
the six switching-MOSFETs and PCB design, the worst-case
1Tc−ntc was considered. In order to obtain 1Tc−ntc through
the thermal measurement, when a continuous constant

driving with a 10 A motor current at an ambient temper-
ature Tamb of 125◦C, the Ploss of 166 mW was consumed
in the MOSFET and Tntc and Tc were measured until sat-
uration had been reached. The measured graphs of Tamb,
Tntc, and Tc are shown in Fig. 6(b). At that point in time,
the measured 1Tc−ntc(= 1T1) was measured at 2.08◦C.
As the temperature difference between the junction and case,
1Tj−c(= 1T2) is difficult to measure, it was estimated with
the Rj−c value 2.4◦C/W obtained from the transient thermal

VOLUME 9, 2021 52301



Y. Noh et al.: Online SC Protection Strategy of Electric Powerpack for EOP Applications

TABLE 5. Ploss −1Tj−ntc transfer table.

impedance diagram of the MOSFET datasheet [36]. As the
Ploss was 166 mW, the1Tj−c was calculated as 0.4◦C. There-
fore, the 1Tj−ntc was estimated as 2.48◦C and the Rj−ntc
derived as 14.9◦C/W. The Tj graph (red line) in Fig. 6(b) was
estimated using the curve fitting method with the predicted
transient thermal impedance [44].

The total Ploss of the MOSFET comprises the conduction
and switching losses of the MOSET and those of the anti-
parallel diode. As is shown in Fig. 6(c), the values of Ploss
were simulated according to the load currents and the battery
supply voltages with the real motor model parameters. The
average power loss for one cycle of the current was simulated.
As is shown in Table 5, the Ploss−1Tj−ntc transfer table was
created so that the Ploss could be mapped to the temperature
increase 1Tj−ntc according to various battery supply voltage
and motor currents, avoiding additional computational time.
The Ploss and 1Tj−ntc were considered at room temperature
(RT: Tamb =25◦C) and hot temperature (Hot: Tamb =125◦C)
with consideration of the performance deterioration of the
MOSFET, such as the Rdson, according to the temperature.
Fig. 6(d) shows the block diagram of the Rdson(Tj) calculation
module. The 1Tj−ntc is mapped through the Ploss −1Tj−ntc
transfer table based on the motor current and battery supply
voltage measured in real time for motor control. At this time,
the mapped 1Tj−ntc value is saved as 1Tj_raw. In practical
applications, the temperature transient time tdelay due to the

thermal capacitance factor must also be considered [45].
The temperature constant tdelay can differ by the MOSFET
package type and thermal design of the PCB and heat sink.
The tdelay was assumed to be 1 s herein. The 1Tj_raw was
recognised as the actual rising temperature 1Tj_act after 1 s.
The 1Tj_act was then added to Tntc and the final Tj cal-
culated. Thereby, the Rdson(Tj) could be calculated. Based
on Rdson(Tj), Idet and Ipk values mapped through the SCC
map are derived and saved. Herein, the additional 1Tj−ntc
increased by the SCC after SCB event was neglected. This
is because the total time (required by the automotive ECU)
from the occurrence of the SC to the SCC cut-off is usually
very short, such as a few microseconds.

IV. PROPOSED ONLINE SC PROTECTION METHOD WITH
AN AUTOMATIC PROGAMMABLE FAULT THRESHOLD
A new online SC protection method was proposed to ensure
that the SCC was not beyond the defined range UCL and
LCL, regardless of the temperature change in the MOSFET
according to the environmental temperature or load operating
conditions. Thus far, in order to construct the protection
method that automatically sets the variable Vdsth according
to the Tj, the decision of the UCL and LCL, of tqt , SCCW
estimation, derivation of the SCC map and the Rdson(Tj)
calculation module were defined and analysed. The flowchart
of the proposed protection method is shown in Fig. 7, below.
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FIGURE 7. Flowchart of the proposed online SC protection method.

A detailed description of the flowchart of the proposed online
SC protection method is as follows:

1) When the ECU is switched on, the PCB temperature is
checked by the NTC located in the hotspot of the PCB
and set as Tntc_default .

2) Based on Tntc_default , the entire operating temperature
range from 20◦C to 150◦C is divided into 5◦C intervals.
At this point, each section divided every 5◦C is defined
as a Tntc section. For instance, if the Tntc_default is 35◦C,
one section spans from 32.5◦C to 37.4◦C and the next
one from 37.5◦C to 42.4◦C. The sections are set to
ignore instantaneous fluctuation in Tj. The range of all
of the sections is saved.

3) The initial Vdsth is set with the Tntc_default . For instance,
if Tntc_default is 42◦C, Vdsth_initial is 350 mV and if
Tntc_default is 55◦C, Vdsth_initial is 400 mV. In this paper,
the default value of the Vdsth is set to 350 mV, and
the Vdsth values can be changed by an integer multiple

of 50 mV depending on the Tntc_default . The calculated
Vdsth_initial value is then set in the register.

4) After the Vdsth_initial is set, the Tntc section change is
monitored and, if the section is not changed, the current
stored Vdsth value (Vdsth_last ) is maintained and, if the
section is changed, the Rdson(Tj) calculation module is
entered to set a new Vdsth. The reason why the Vdsth
is controlled depending on whether the Tntc section
is changed or not is to exclude the sudden rise and
fall of Tj as a result of temporary load fluctuations.
Considering the load current profile or use-case of
the EOP powerpack, the actual target operation period
usually spans several seconds to thousands thereof.
Even if an instantaneous Tj increase occurs, the Tj will
immediately decrease because the heatsink is immersed
in oil and cooled to the oil’s temperature.

5) In the Rdson(Tj) calculation module, with IMOT and
VBAT being sensed for motor control, the Ploss of the
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FIGURE 8. System architecture of the proposed online SC protection method with programmable Vdsth.

current one-cycle and 1Tj−ntc are mapped from the
Ploss−1Tj−ntc transfer table. Then, Tj can be calculated
by adding the current Tntc, and Rdson(Tj) can be also
obtained.

6) Based on the previously estimated Tj, Vdsth_update can
be calculated by an integer multiple of the correspond-
ing temperature range. Then, the new Vdsth_update is
updated in the register.

7) If an SC event does not occur, the Vdsth will be updated
according to Tj or the last value of Vdsth will be main-
tained according to the presence or absence of the
change in the Tntc section. If an SC event occurs, theVds
OV fault is triggered and, after 1.4 µs, the affected
MOSFET is turned off and the SCC is cut off.

The system architecture of the SC protection method is
described in Fig. 8. The SCB event case was also considered.
The SCG event case can be considered the same as the SCB
one. If the high-side MOSFET was shortened in one leg of
the inverter and the low-side MOSFET was switched on,
it detects that the voltage between themotor phase connection
and source pin of the low-side MOSFET is greater than the
pre-set Vdsth through the voltage follower and the comparator
circuit. The output of the comparator passes through the timer
circuits and, after tqt , the Vds OV fault signal is generated
and the gate drive lowers the affected MOSFET. The timer
circuits are composed of a debouncing circuit and a time
delay circuit for tqt . The debouncing circuit causes the timer
to start whenever the comparator output indicates a Vds OV
fault and resets the timer whenever the comparator output
returns to normal. In the time delay circuit, the Vds OV fault
flag and fault bit are only activated when the fault state is
maintained over the qualification time tqt .

FIGURE 9. Prototype of the EOP powerpack and test bench set up.

V. EXPERIMENTAL VERIFICATION
A. PROTOTYPE OF THE EOP POWERPACK
AND TEST BENCH
The EOP powerpack prototype was fabricated as shown
in Fig. 9. It was a powerpack type in which the pump, motor
and ECU were integrated and assembled. The diameter and
length of the power pack was 86 mm and 134 mm, the rated
power was 192 W. The pump was an interior gear type
and the motor type was surface-mounted permanent magnet
synchronous motor with a 6-pole and 9-slot combination. The
ECU was designed on one board (FR4 with six-layers) with
an external 13.5-V supply voltage line and CAN communi-
cation line.
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TABLE 6. The comparison of the estimation and measurement results.

The test bench consisted of an automotive battery with a
power supply connected in parallel, as well as a dynamome-
ter, oscilloscope, load controller, a control PC and EOP pow-
erpack within a controllable temperature chamber. In a real
vehicle environment, the EOPwould be immersed in ATF oil.
However, the oil temperature around the EOP was replaced
by setting the ambient temperature of the controllable tem-
perature chamber due to the difficulty of setting up the oil
circulation equipment. For the SC test, the jumper wire and
switch for the SC event were connected to the drain and
source pins of one high-side MOSFET of the three legs of
the inverter. When the switch for SCB was closed while the
motor was running, an SCB event occurred and the SCC was
measured by applying a current probe to the jumper wire
connected to the high-side MOSFET. Moreover, the bridge
voltage VBAT point connected to the drain of the high-side
MOSFET and Vgs of the low-side MOSFET were measured
simultaneously. After the powerpack in the ECU’s off state
had been saturated at 25◦C, 70◦C, 105◦C and 130◦C of the
chamber temperature Tamb (with the condition that the Tntc
was the same as the Tamb), the ECU was turned on and oper-
ated under continuous operation conditions. The continuous
load profile was 3.1 LPM@ 4.0 Bar in terms of the hydraulic
pressure and flow rate of the pump, and the required motor
torque and speed was 0.135 Nm and 3000 rpm, respectively,
and the continuous phase current was 10A.When theTntc was
saturated by continuously operating the powerpack, the SCB
event was produced and the Isc, VBAT and Vgs were measured.

B. VERIFICATION OF THE SCC MAP AND Rdson(Tj )
CALCULATION MODULE
The comparative experiment was conducted to verify the
accuracy of the SCC map and the Rdson(Tj) calculation
module. In this case, the online SC protection method was
not applied. That is, after fixing Vdsth to 500 mV without
changing the Vdsth value, the SCCs were measured at Tamb
of 25◦C, 70◦C, 105◦C and 130◦C, respectively. Themeasured
IDET and IPK were compared with the predicted Idet and Ipk .
In Table 6, the estimated values of Rdson(Tj), Idet , and Ipk in
each Tamb were calculated from Rdson(Tj) calculation module
during motor running and stored in the MCU’s memory.
In IDET and IPK , the uppercase letters of the subscript refer to
the measured values. Moreover, the measured IDET and IPK

values came from the measured graphs of the SCCs as shown
in Fig. 10(a)–(d). On the basis of the results in Table 6, the
IDET values were measured as 1.3 A to 9.2 A smaller than
the estimated Idet values, and the IPK values were measured
as 1.6 A to 9.1 A smaller than the estimated Ipk values.
Therefore, compared to the estimated values, the measured
IDET had a deviation of 0.6%–6.2% and the measured IPK
of 0.6%–4.3%. As the Tamb increased, the deviation tended
to gradually become worse, and it was expected that there
was main reason for the difference between the estimated and
measured values.

In the SCCmap, additional parasitic resistance values such
as the contact resistance and PCB pattern resistance were
assumed to be 0.3 m� regardless of the PCB temperature.
In reality, however, the 0.3 m� was an appropriate value at
RT, but as the ambient temperature increased, so too did the
parasitic resistance and so it could be increased to 0.5 m�
at Tamb 130◦C. Considering the parasitic resistance value
of 0.5 m� instead of 0.3 m� at the Tamb of 130◦C, Idet value
is calculated as 149.1 A and so the IDET value would have a
difference of less than 1 A, rather than 9.2 A, as compared to
the estimated Idet .
In summary, even if there was a difference in the hot

temperature, the accuracy of the SCC map and the Rdson(Tj)
calculation module were valid because the tendency of the
estimated Idet and Ipk , according to the temperature, was
very similar to the measured values and the difference was
also small compared to the magnitude of the SCCs. If the
parasitic resistances are calibratedwith the experimental data,
a more accurate SCC map can be expected. At each Tamb,
the SCCs had a triangular wave shape that was very simi-
lar to that of the estimated SCCW graph, as shown in the
measured graph in Fig. 10(a)–(d). As can be seen from the
measured SCCW, the entire period from the occurrence of
the SCB to the gate drive output low is extremely short,
i.e., 5 µs or less. At the point of IPK , the Vgs of the low-side
MOSFET dropped rapidly and became low and the VBAT also
dropped instantaneously.

C. VERIFICATION OF THE ONLINE
SC PROTECTION METHOD
To verify the proposed online SC protection method with the
automatic programmable fault threshold, the SC events were
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FIGURE 10. Measured waveforms of the Isc , Vgs of the low-side MOSFET, and VBAT : (a) when Tamb = 25◦C, IDET = 220.5 A and IPK = 277.3 A, (b) when
Tamb = 70◦C, IDET = 190.4 A and IPK = 251.5 A, (c) when Tamb = 105◦C, IDET = 167.9 A and IPK = 231.2 A, (d) when Tamb = 130◦C, IDET = 149.3 A and
IPK = 214.1 A.

TABLE 7. Comparison of the estimation and measurement results.

tested at Tamb of 25◦C, 70◦C, 105◦C and 130◦C. The Vdsth
values were changed through the proposed protection method
and the measured IDET and IPK values at each Tamb are
described in Table 7. Considering the measurement results,
the measured IDET values were measured at 1.7 A–9.6 A
smaller than the estimated values, and the measured IPK
values were measured 1.3 A–9.1 A smaller than the estimated
ones. The reason for the difference was deviations from the

parasitic resistance values at hot temperature, as described
above. Compared to the estimated values, the measured IDET
featured a deviation of 1.1%–6.5% and the measured IPK had
a deviation of 0.6%–4.3%. As the Tamb increased, the devi-
ation also tended to gradually become worse. Although the
measured IDET and IPK values had a few amperes of differ-
ence from the estimated values, it could be confirmed that
the SCC can be controlled. The IDET and IPK values were
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FIGURE 11. Measured waveforms of the Isc , Vgs of the low-side MOSFET, and VBAT : (a) when Tamb = 25◦C, IDET = 153.6 A and IPK = 219.2 A,
(b) Tamb = 70◦C, IDET = 152.2 A and IPK = 218 A, (c) when Tamb = 105◦C, IDET = 151.5 A and IPK = 217.3 A and (d) when Tamb = 130◦C, IDET = 148.7 A
and IPK = 213.8 A.

FIGURE 12. Comparison of the SCCs measurement results: (a) when Vdsth(= 500 mV) was fixed and (b) when Vdsth was changed by 350, 400,
450 and 500 mV.

similarly measured according to the variable Vdsth, regardless
of Tamb. And, Fig. 11(a)–(d) shows the SCC, Vgs and VBAT
waveforms measured at each Tamb.

Fig. 12(a) and (b) show the deviations in the IDET and
IPK values at each Tamb when Vdsth is fixed and variable.
When the Vdsth value was fixed to 500 mV, the difference
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was 71.2 A for IDET and 63.2 A for IPK depending on the
temperature. However, when the Vdsth values were varied,
the difference decreased to 4.9 A for IDET and 5.4 A for IPK .
Based on the maximum value of IDET , the deviation in the
IDET according to the temperature was reduced from 32.3% to
3.2% and based on the maximum value of IPK , the deviation
in the IPK according to temperature was reduced from 22.8%
to 2.5% via the online SC protection method. As shown in
Fig. 12(a) and (b), Vdsth according to four temperature ranges
is variable and set again, so that IDET and IPK values are
distributed between the UCL and LCL.

VI. CONCLUSION
Herein, an online SC protection method with an automatic
fault threshold was proposed to detect SC failures in an auto-
motive EOP powerpack exposed to operating environments
with diverse ambient operating temperatures and to various
load conditions. The key-features to be addressed in this study
can be summarised as follows.

1) In the Vds monitoring protection method, a system
with a fixed fault threshold cannot control the SCC
within the defined protection range because the SCC
fluctuation according to Rdson(Tj) variation. This can
lead to failures in protection or diagnosis. To solve this
problem, the proposed method monitors the change of
Rdson(Tj) and applies differently to the optimal fault
threshold according to Rdson(Tj), reducing the SCC
fluctuation and controlling the SCC within protection
range.

2) The numerical approach method through worst-case
conditions for the protection range setting and qual-
ification time setting, which are the prerequisites for
the optimal fault threshold selection, was presented.
In particular, it was emphasised that the qualification
time must be carefully selected in consideration of the
trade-off relationship between Vgs and Vds monitoring
of the automotive 3-Phase low-voltageMOSFET driver
circuit.

3) The biggest drawback of the Vds monitoring protection
method by voltage sensing, not current, was that accu-
rate SCC cannot be predicted. However, through circuit
analysis and simulation, SCCW was estimated and the
key factors of the SCC represented by Idet and Ipk were
predicted. To control Idet and Ipk , the Rdson(Tj), which
changes owing to the operating temperature and load of
the EOP powerpack, must be estimated. To make this
possible, the Rdson(Tj) calculation module is developed
with simulation and experimental data.

The methods proposed herein was verified on the basis of
circuit analysis, simulation results and experimental results.
In addition, the verified SC protection method aim to univer-
sally applicable to automotive low-voltage gate drive circuit
and logic design. The new protection method can improve
the quality of diagnosis to higher levels and will estab-
lish itself as a powerful mechanism for ensuring functional
safety. As future research, with the commercialisation of an

autonomous vehicles, more research is needed on a protection
method that enables not only the fault detection but also the
healing of the failures.
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