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ABSTRACT Active-short-circuit and locked-rotor modes are common abnormal operations in new energy
vehicles. The IGBT junction temperature measurement for these two operating conditions is a challeng-
ing problem due to the unexpected large current and the asymmetric operation of semiconductor chips.
In addition, different cooling flow rates have a significant influence on the heat dissipation, which will also
have an impact on the building of the thermal model. Based on these difficulties, a modified Foster thermal
network under active-short-circuit and locked-rotor modes has been presented considering different cooling
conditions. The power loss models of the semiconductor chip under abnormal conditions are developed and
a modified Foster thermal network based on the NTC temperature sensor is proposed. The model can be
adapted to different cooling conditions since the thermal impedance fluctuates slightly at different cooling
flow rates. The proposed thermal model is verified with inverter application under active-short-circuit and
locked-rotor modes and the experimental performance shows good accuracy compared with the infrared
camera measurement results.

INDEX TERMS Insulated gate bipolar transistors (IGBTs), active short circuit (ASC) mode, locked-rotor

mode, thermal models.

I. INTRODUCTION

The junction temperature measurement of insulated gate
bipolar transistors(IGBTs) is one of the main problems affect-
ing the performances and reliability of power converters in
electric drive system of new energy vehicles [1]. The accurate
junction temperature information is desired for reliability
prediction and indication of the IGBT failures [2]-[4]. It can
be also used to realize active thermal control for high-power
inverters [3] and real-time aging monitoring [5], [6].

There have been many methods to predict the IGBT junc-
tion temperature, such as optical-based, physical contact-
based, temperature sensitive electrical parameter(TSEP)-
based [7]-[12], and thermal model-based [13]-[15]. The first
two methods are usually not applicable due to the substan-
tial modifications to the standard power module packaging
and are therefore used to validate the temperature estimation
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accuracy of other methods [16]. TSEP-based approach can
establish the relationship between the junction temperature
and observable electrical parameters, such as: peak gate cur-
rent [7], forward voltage [8], flat-band voltage [9], on-state
voltage [10],turn-off delay time [11], and short-circuit cur-
rent [12]. A good linear relationship with temperature can
be found in the above mentioned TSEP methods with good
temperature estimation accuracy. However, considering the
practical application in automobile industries, TSEPs have
shown some weakness compared with the establishment of
equivalent thermal model, since the measurement of observ-
able electrical parameters depends on the additional devices,
ending up in a large cost pressure and the lower reliability.
Generally, two groups of thermal model can be found in
the literature, including the thermal simulation, such as finite-
element method (FEM) [14], [17] and thermal networks,
such as Cauer or Foster equivalent thermal models [18]—-[20].
In [14], an updated Cauer thermal model is proposed under
short-circuit and overloads, and FEM thermal simulations
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are applied to identify the temperature-dependent thermal
impedance. The effectiveness of the model is validated with
a black-painted open IGBT module. A four-order Cauer net-
work is presented using the junction temperature cooling
curve with the advantages of not knowing the power loss
information of IGBT [18], [19]. The Cauer model is built
based on the geometry and physical property of the IGBT
modules and it is considered to be a relatively accurate model
to predict the thermal behaviors. However, the Cauer model
requires large computational resources and the online tem-
perature estimation is hardly to implement, which is not fea-
sible in real-time automobile embedded software. Therefore,
the Foster thermal model is chosen as a better alternative to
measure the junction temperature.

In the past research, more attention has been paid to ther-
mal stresses on IGBT modules under the normal operating
applications. However, the common abnormal operation in
electric drive system such as active-short-circuit (ASC) [21]
and locked-rotor(LR) modes [22] should be investigated,
since large energies will be involved and the operations can
drive the semiconductor chips into destruction immediately
when reaching the thermal limit.

The short-circuit operation is caused when one IGBT is
conducting, and the opposite is switched on, which is differ-
ent from the ASC operation mechanism [6]. With respect to
the ASC mode, it serves as a protection mechanism according
to the functional safety standards for vehicle ISO 26262
[23], [24]. Three high-side IGBTs or three low-side IGBTs
are switched on during the ASC operation and the three
phases of the motor are short circuited via the high-side
IGBTs or the low-side IGBTS, respectively [21]. In this case,
either the high-side or low-side IGBTs are switched, resulting
in asymmetric operation of the inverter. LR operation occurs
when the vehicle starts on the slope, or is driven with the brake
on. Under the LR condition, the motor rotor keeps stationary
and the LR current in stator windings can reach seven times
of the rated current due to the absence of back electromotive
force [22], [25]. As a result, a huge current flows through
the IGBTs and the chips will be over heated severely if left
uncontrolled. Therefore, it can be concluded that the power
loss and thermal stress are indicated different when compared
with normal operation.

Thus, the real-time knowledge of the junction temperature
under such abnormal modes is of vital importance for a
reliable operation. However, as far as we know, few literatures
focus on the problems regarding the junction temperature
estimation under the LR and ASC conditions during the
operation of electric drive system. In addition, when the
inverter operates in these two abnormal modes, the coolant
flow rate will be adjusted to accelerate the heat dissipation.
As for the traditional Foster network, the thermal impedances
change with the flow rate. The thermal impedances should be
measured under different flow rates, which leads to too much
measurement pressure [15]. Based on the above problems,
this paper proposes a modified Foster thermal network based
on the negative temperature coefficient (NTC) temperature
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sensor to measure the IGBT junction temperature under LR
and ASC modes. The contribution of this paper is concluded
as follow:

1) Few researchers focus on the abnormal mode in electri-
cal drive systems for new energy vehicles, and the junction
temperature of abnormal operation is different from that of
normal operation, especially in power loss calculation. There-
fore, this paper focuses on the junction temperature prediction
under abnormal modes in new energy vehicles and studies the
power loss under the abnormal operation in detail.

2) The paper proposed a modified Foster thermal model,
which is independent of the flow rate and shows a good
temperature prediction accuracy under abnormal conditions.
The proposed thermal model is the improvements of the tra-
ditional Foster thermal model. When the traditional model is
adopted, the thermal impedances should be calibrated under
different flow rates.

3) Furthermore, the proposed Foster thermal model has
the advantages of simple mathematical calculation and easy
digital discretization, which is easy to realize the real-
time junction temperature prediction in practical engineering
applications.

This paper is organized as follows. Section II presents
the power losses models under the LR and ASC conditions.
In Section III, a modified Foster thermal network based on the
NTC temperature sensor is proposed under different cooling
conditions. Test setup and experimental results are presented
in Section IV. Conclusion is drawn in Section V.

Il. POWER LOSS MODEL
The power loss of IGBT and FWD is the main heat source
resulting in overheating of semiconductor devices. The uni-
versal power loss model is not applicable to the abnormal
operation, so the power losses under LR and ASC modes are
studied in detail as follow.

A. UNDER ROTOR-LOCKED CONDITION

Under the rotor-locked condition, the current output is the
direct current and not the periodic sine current. In this case,
the original IGBT and free-wheeling diode(FWD) power loss
models are no longer applicable and need to be restudied.
It is noted that the direct current is still modulated by space
vector pulse width modulation(SVPWM) algorithm under LR
condition, and the sum of three-phase currents is still equal
to 0.

Fig.1 illustrates the eight basic voltage space vectors which
are modulated to obtain the target voltage vector based on
SVPWM. Since the motor rotor position no longer changes,
it can be assumed that the rotor position is in the first sector
and the current direction is positive. Therefore, the voltage
vector is composed of the basic vectors 100, 110, 000, and
111. The target vector satisfies the volt-second equilibrium
principle, so (1) and (2) are obtained.

To Ty
TU; = ?UOOO+TaU100+TbU110 + ?Um (nH
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FIGURE 1. Diagram of the voltage space vector.

T=Ty+T,+Tp 2)

where T represents the switching period; Uy is the voltage
space vector; T, Tp, T are the operating period of the basic
space vector Ujgp, U110, and the two zero vector, respectively.
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FIGURE 2. Equivalent circuit under four basic voltage vectors in the first
sector.

Fig.2 shows the equivalent circuit under four basic voltage
vector Ujoo, Ur1o, Ui11 and Uy in the first sector. The
corresponding current growth rates are ki, k2, k3 and kg4,
respectively, which are indicated as

2Vae — 4V,

kf = ———
3L,

Vae — Vf) — 3Vee

ky =
3L,
—2Vy — 2V,

k3 =ky = —— 3
3 =ky 3L, (3)

where V. indicates the dc bus voltage; V.. and V; are the
on-state voltage drops of IGBT and FWD respectively; L,,
L, and L,, represent the three-phase impedance of the motor
respectively.

According to the actual physical parameters of semicon-
ductor chips used in electric vehicle inverter, the high voltage
bus voltage V. is around 400V, whereas V. and V; are
usually only around 1V. Therefore, the relationships of the
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current growth rate are expressed by the following formulas.
ki = 2k
ky > k3
ki > kg 4)

! |
: T m
| I
Su ! | |
| | |
il T Ll
”' M /—
It il
I i i
Sv If | if
Tl I i
| T | 1
I I I
! | |
I PN
Sw /
T,/2—> e [ T
1L 1 i
T/2—>e t

FIGURE 3. Modulation principle of dc current based on seven-stage
SVPWM.

Fig. 3 shows the modulation principle of direct current
based on seven-stage SVPWM. Under the LR condition,
the current period has no relationship with the motor speed.
The phase current is a unipolar pulse current, which may be
positive or negative with the average direct current. Further-
more, the PWM ripple is superimposed on direct current due
to PWM modulation.

Since the locked-rotor current is the direct current, the cur-
rent growth is O both in the first half period and in the other
half period, as shown in (5) and (6).

0=k 1 42 4 gy 3 (5)
Ty TRy TS
0=k L 42 g 12 (6)
Ty TRy Ty

Considering the current growth rate, the operating period
of four basic voltage vectors can be obtained as follows

(T +T) K T;5

(T1+T2) € T4 (7
N+T+T:3+T4=T )
T3=T4 9

According to (7) to (9), the operating period of the two
basic zero voltage vectors is dominant, whereas the time for
two non-zero basic vectors is negligible. As a result, the duty
ratio of the switching period is about 50%, which provides
the basis for the calculation of IGBT modules loss under zero
vector.

Since the IGBT switch is still modulated by PWM under
LR condition, IGBT power loss Pj,ss(IGBT) and FWD power
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loss Pjyss(FWD) are composed of switching loss and con-
duction loss, respectively. The power loss calculation is
expressed in (10).

Peond(IGBT) = Veelyef Dsyy

Py (IGBT) = (Eon + Eof) X fow

Pioss(UGBT) = Pipna(IGBT) + Ps,,(IGBT)
Peona(FWD) = Vplypr X (1 — Dyy)

Py (FWD) = (Ex) X fsw

Pioss(FWD) = Poopa(FWD) + Py, (FWD) (10)

where E,p,, Eq and E;, represent the turn-on loss and turn-
off loss of IGBT, and the switching energy loss of FWD,
respectively. Pcong IGBT), Pgy (IGBT), Pcong (FWD) and
Py, (FWD) are the conduction loss and switching loss of
IGBT and FWD respectively. I.r, Dy, and f, represent
the locked-rotor current, duty ratio and switching frequency,
respectively.

B. UNDER ACTIVE-SHORT-CIRCUIT CONDITION

The ASC operation is no longer modulated by SVPWM
algorithm, and either the upper IGBT modules or lower IGBT
modules are switched.

Since the motor three-phase windings are symmetrically
distributed and the back-EMF is in sinusoidal form, the cur-
rent through the three upper switches can be expressed as
follows.

iy = I, cos (0)

. 21
iy = I, cos 0—1-?
. 21
iy = I, cos 0—? (11

Taking U phase upper switch as an example, the positive-
cycle phase current flows through IGBT and the negative-
cycle phase current flows through the reverse parallel FWD.
Thus, IGBT average conduction loss in a whole current cycle
can be calculated as follows.

b4
1 h
Pighi=— / I, c0s (0) X (Veeo + reelp cos (0)) do (12)
2 _7TQ
Equation (12) can be simplified as

1 1
Pigbt = ;Vceolp + Zrcellg (13)

Similarly, the FWD conduction loss can be calculated as

| 37%
Phod = = L/Z (—Ip)xcos (0) x (V5 — rgl, cos (0)) db
(14)

Equation (25) can be simplified as

1 |
Ppyqg = ;v]vlp + erlp (15)
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where V., and r., represent on-state voltage drop and con-
duction resistance of IGBT; Vy and ry are on-state voltage
drop and conduction resistance of FWD. I, is the amplitude
of the sinusoidal current.

For the calculation of conduction loss of IGBT and FWD,
sinusoidal current amplitude /, is unknown. Since the current
is not the result of current loop control, it cannot be obtained
from target current iy and i;. The current acquisition depends
on the current sensor. The three-phase symmetrical current
can be real-time sampled by the microprocessor, so the cur-
rent vector can be calculated as

— — — — P 2 2
irgf = iy + iy + iy = 1,0 + Le T3 + 1,6

2 2

The sinusoidal current amplitude can be obtained as

2
1 1.\ (V3
= (Iu - Elv - EIW> + (7(_Iv +Iw))

3 2, 1 2
=5y W +§(_1v+lw) a7

—
I ref

Furthermore, the synthesis vector of three phase sinusoidal
current is calculated:
lgf = Iy + 1y + 1y
- 21

- 2
= I, cos (9) € + I, cos <9 - g) e /s

2 2 3 .
+1,cos (0 + Tn) i 3 e/ (18)

According to (17) and (18), it can be obtained that

2, 1 2
I = \/(Iu) +3 (=1, + 1) 19)

It should be noted that IGBT has only conduction loss
and no switching loss, since the IGBT switching state is
constant ON without PWM modulation under ASC condition.
Furthermore, FWD will be switched passively as the current
direction changes and its switching loss needs to be calcu-
lated. However, FWD is switched on and off at zero current,
so there is only conduction loss for FWD under ASC mode.

Ill. FOSTER EQUIVALENT THERMAL MODEL
The Foster thermal model is adopted due to simple mathe-
matical calculation and easy digital discretization.

A. TRADITIONAL THERMAL MODEL

The traditional thermal model shown in Fig. 4(a) is the heat
transfer model based on the coolant temperature at the inlet
of the inverter, and the mathematical model is shown in (20).
This method requires the knowledge of coolant temperature.
However, in practical application, the temperature sensors
are usually not installed in the cooling loop considering the
simplify and reliability of the system. In this case, the coolant
temperature is estimated by means of the thermal model
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FIGURE 4. Thermal impedance network model (a) traditional thermal
model (b) proposed thermal model.

between the NTC and coolant, since the temperature of
equipped NTC temperature sensor can be real-time obtained.
The coolant temperature can be obtained according to (21)
based on the NTC temperature.

Tipr(t) = Tei (1) + Zjr it () Piepr (1)
+ Zi_pcr (t)Prwp(t)
Tirwp(t) = T (t) + Zujr_rwp (1) Prwp (1)

+ Zm_ico(®)Pigpr (1) (20)
T (1) = Tyrc () — Zy_xonte (1) Py (1)
—Zin_nr1c (t) Pyp (1) 21

where Tjigpr (t) , Tirwp (1), T¢; (t) and Tyrc (t) represent the
junction temperature of IGBT, the junction temperature of
FWD, coolant temperature and NTC temperature, respec-
tively; Pigpr (t), Prwp (t) and Pyp (t) represent the power
loss of IGBT, FWD and half bridge, respectively. The mean-
ing of thermal impedances is shown in Fig. 4(a).

However, the coolant temperature is strongly influenced
by the flow rate of coolant, and the corresponding thermal
impedance Zyjr_jGpr (t) and Zyr_pwp (¢) should be adjusted
when the flow rate changes, which means the thermal
impedance curve of different flow rates should be obtained
via large experimental calibration. The measurement process
is complicated and leads to larger cost pressure. Under the LR
and ASC conditions, the coolant flow rate is often changed to
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accelerate the heat dissipation, so the traditional Foster model
may not suitable for abnormal condition.

B. PROPOSED THERMAL MODEL

In this paper, a modified Foster thermal model based on
NTC temperature sensor is proposed, as shown in Fig. 4(b).
By comparing the two modeling methods, it can be found
that the difference is whether to choose the coolant as the
reference point. The mathematical model of proposed thermal
model is expressed as:

Tiiger (t) = Tnrc (t) + Zmjn_icer (t) Pigr (1)
+Zu_pcr () Prwp (1)
Tipwp (1) = Tnrc () + Zimjn_rwp (1) Prcer (1)

+Zin_icp (1) Pigsr (1) (22)
Ptwd_n Pigot
o ®
; Rin1_oci Rinn_pci Renjn_ice7_1 Rinjn_iceT_n
|L IL |
Cinl ocr Cini
e ol Cinjn_i68T_1 Cinjn_iGsT_n
Pigbt_n Prwd_n
* ®
Tifwd_n Rin1 ico . Rinn_ico Rihjn_Fwo_1 o Rihjn_rwo_n
1l 1l 11 Il
I\ 1r 1T 1
Cm1_|cn C'hNJCD Cthmjwu,] Cthjn,Fwn,N
Pfwd_ L Pigbet
= ®
. Rin1_oci Rinn oei Rinjn_1687_1 Rinjn_iceT_n
Tigbt_t = e o
| 1l |
oLl s :}—4
GRLEE) Cinn_oci Cihjn_iGBT_1 Cihjn_iGBT_N
Pigot 1 Prwd_n
-« -«—
Tj, R ico Rinn_ico Rinjn_Fwo_1 Rinjn_rwo_n
Jwd_L ! e | o
1l 1l 1t Il
I I 1T 1
Cont_1co Cin_ico Cihjn_Fwo_1 Cihjn_Fwo_n

Heat-coupling model Self-heating model

FIGURE 5. Proposed thermal model of IGBT half - bridge module.

Fig. 5 shows the proposed thermal model of IGBT half -
bridge module, including the self-heating model and the heat-
coupling model. Due to the series property of Foster model,
the sub-equivalent model can be connected in series to form
the half-bridge thermal model. Furthermore, the constant
current source modules represent the power loss. Pigp g,
Pighr L, Pfva_r and Pgyq 1 are the power loss of upper
switches and lower switches of IGBT and FWD, respectively.
All the parameters of thermal resistance and thermal capacity
are fitted according to cooling curves obtained from experi-
mental results and have nothing to do with the actual physical
heat transfer process.

C. IDENTIFICATION OF THE PARAMETERS OF THE
PROPOSED MODEL

1) MEASUREMENT OF THE THERMAL IMPEDANCE

A common measurement method for thermal impedance is to
heat the measured object to a steady state using the heating
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source with constant power, then remove the heating source
and record the cooling curve. According to the definition of
thermal impedance as shown in (23), the data of (t, Z(¢))
can be obtained. The larger the sampling frequency of the
cooling curve is, the higher the precision of the fitting Foster
model will be. The order n of Foster model can be selected
according to the practical need. Generally, the higher the
order is, the higher the accuracy is. In practical engineering
application, the compromise will be carried on considering
the accuracy and the computation quantity.

T (1) = T; 0)

Zun (1) = P (const)

(23)
where T;(0) represents the initial temperature; T;(¢) is the
cooling curve, and P(const) represents the power of the heat-
ing source.

The measurement method based on TSEP is adopted in
this paper, since it can get more thermal impedance data
with a faster dynamic response. This method obtains the
junction temperature indirectly by measuring the on-state
voltage V. (Vj4). Especially when the current is small (usu-
ally 1/1000 of the rated current), V..(Vy;) is linear to the
temperature [10]. The formula of the junction temperature
calibration curve is as follows.

Vee (T) = igth + bigbt
Via (T) = kfwaT + bfia (24)

As for the proposed thermal model, four thermal
capacitances  Zyju 16T (1), Zihjn_Fwp (t) , Zin_gcp (t)  and
Zi,_pcr (t) should be measured.

Zinjn_icer (t) and Zyj, pwp (t) can be obtained via the
cooling curve. However, different from the measurement
of Zmjr 16t (t) and Zyr_pwp (1), the experiment can only
fix the coolant temperature but not the NTC temperature.
Therefore, it is necessary to measure the cooling curve of
IGBT(FWD) and NTC at the same time, and it can be
expressed by the following formulas.

Zinjn_1GBT (1)
(Tj_icer (1) — Tj_icr (0)) — (Tvre (1) — Tj_icsr (0))
- Pigpr (const)
_ Tiieer ) — Tre (1) (25)
Pier (const)
Zinjn_rwp (1)
_ (Tj_rwp (©) — Tj_rwp (0)) — (Tnre (1) — Tj_rwp (0))
a Prwp (const)
T; rwp (t) — Tntc (1)

= (26)
Prwp (const)

where T; jGpr (t) , Tnre (t), Tj_rwp (¢) represent the cooling
curve of IGBT, NTC and FWD, respectively; 7} jgpr (0)
and T; pwp (0) represent the initial temperature of IGBT
and FWD, respectively; Pjgpr (const) and Prwp (const)
represent the power of heating source for IGBT, FWD,
respectively.
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In respect to the measurement of thermal coupling
impedance, take Zy,_jcp (t) for example, the IGBT is heated
and then remove the heat source. The cooling curve of FWD
is recorded and the measurement of the coupling thermal
impedance is shown in (27). Similarly, Z; pcr (¢) can be
obtained according to (28).

T; rwp (0) — T;_pwp (1)
Pier (const)

T; it (0) — T;_jGBr (1)
Prwp (const)

Zpicp (1) = 27

Zi_pcr (1) = (28)
It should be noted that Z,, jcp (t) is the same as Zy, pcy (1),
since the thermal coupling shares the same coupling path.

2) IDENTIFICATION OF RESISTANCE AND CAPACITANCE OF

PROPOSED MODEL

After obtaining the thermal impedance through the cooling

curve, the least square method is adopted to fit the resistance

and capacitance of the proposed thermal model based on (30).
The Foster model is the series of RC parallel sub-network

and can be expressed as:
n

Rypi
Z = _— 29
i (5) ; TR (29)

where Zy, (s) represents the thermal impedance of n-order
thermal model. R;,; and Cy; are the resistance and capaci-
tance of RC parallel sub-network, respectively.

Equation (29) can be also expressed as:

2y = 3 R (1 - ) (30)
i=1

where t; represents time constant and can be calculated as:
Ti = RiniCini €29)

Generally, the compromise will be carried on considering the
fitting accuracy and the computation burden.

D. DISCRETIZATION OF PROPOSED MODEL

In order to realize the on-line junction temperature estima-
tion, the model needs to be discretized. The Foster model is
the series of RC parallel sub-network, so only the discretiza-
tion of RC parallel sub-network needs to be considered. The
transfer function of RC parallel sub-network is expressed as

follows.
Gre (5) = —0__ (32)
1 + sRpu Cp
The discretization of (32) using Backward Euler is calcu-

lated as

AT (2) R,
Gre () =~ = —5 (33)
@ 1+ =—RnCi
Equation (39) can be written as a difference form.
Ry, T RinCin
AT k)= ———Pk)+ ——— x AT (k—1)
Ty + RinCrn Ts + RnCon
(34)

where T is the discrete sampling time.
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For the n-order Foster thermal model, the discrete junction
temperature can be expressed as follows.

Tj (k) = Tnrc (k)

n Runi T
+ — Pk
Zi:l (Ts + RiniCrni ©

Rini Ceni

__Cthimthi Ak — 1)) (35)
Ty + RniConi

IV. EXPERIMENTAL VERIFICATION OF IGBT JUNCTION
TEMPERATURE ESTIMATION

Since the focus of this paper is on the IGBT, not on the free-
wheeling diode, so the results of the junction temperature
prediction for free-wheeling diode are not presented in the
experiment.

FIGURE 6. Test bench of real-time junction temperature measurement.

A. EXPERIMENT SET UP

IGBT junction temperature estimation is experimentally val-
idated via the inverter with black-painted module in the
motor test bench. By introducing the black-painted module,
the junction temperature can be tested by the infrared camera
with the sampling frequency of 200Hz. The online junction
temperature estimation from the proposed thermal model will
be compared with the results from the black-painted module.
Fig. 6 shows the test bench of real-time junction temperature
measurement. Fig. 7 illustrates the principle block diagram of
experimental measurement. The parameters of PMSM used
in the test are shown in Table 1. The Infineon HP-Drive IGBT
module is selected to validate the proposed thermal model.

B. COMPARISON OF THE THERMAL IMPEDANCE UNDER
DIFFERENT FLOW RATES

The steady-state thermal impedances of the traditional model
and the proposed model are compared as shown in Fig.8
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FIGURE 7. Block diagram of junction temperature estimation of IGBT.
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TABLE 1. PMSM parameters.

Symbol  Quantity Value
17 magnetic flux 0.062 Wb
Ly direct axis inductance 0.000105 H
L, quadrature axis inductance 0.000252 H
Ry stator resistance 0.012Q
J rotational inertia 0.12 kg m?
p pole pairs 4
0.22 . T v T T T T
020 ; T L iomr |
ZlleGET
0.18 |- -
0.1608
016 - 0.1452 )
g oM 8 o208 o128 01254 ]
S . 0.1187
= 0.12 |- -
N 0.0969
010 '\O-‘iwys 00898 0867~ 0.0859'|
A e A
0.08 | ; ; A
0.06 |- -
0.0 L1 1 . 1 . . .

Flow rate (L/min)

FIGURE 8. Steady-state thermal impedances of Zyjr jgpr and Zgyjn sGpr
under different flow rates.
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FIGURE 9. Steady-state thermal impedances of Zyyjr pyp and Zyyj Fp
under different flow rates.

and Fig. 9. Under different flow rates, Fig. 8 illustrates the
comparison of thermal impedances Zy,jr_jcpr and Zyju_iGBT
and Fig. 10 shows the comparison of steady-state thermal
impedances Zyjr_rwp and Zgpjn_rwp.
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FIGURE 10. Thermal impedances of Zyjs jgpr and Zyjn Gpr at flow rate
10L/min.

It can be seen from Fig. 8 and Fig. 9 that Zyr jGpr
and Zy,jr_pwp of the traditional model are seriously affected
by the flow rates, whereas Zy;,_jgpr and Zpjn_rwp of the
proposed model are basically constant. The comparison
shows that the thermal impedances between the NTC and
IGBT(FWD) are independent of the flow rates, which means
there is no need to change the thermal impedance in real
time according to the flow rate with respect to the proposed
thermal model.

It should be noted that the coupling thermal impedance
Zu,_1cp and Zy,_pcy are not compared, since there is no differ-
ence between the traditional model and the proposed model
in terms of coupling thermal impedance.

C. MEASUREMENT OF RESISTANCE AND CAPACITANCE
OF THE PROPOSED MODEL

A common flow rate 10L/min is selected to conduct the
temperature prediction validation. The resistances and capac-
itances of the proposed thermal model are fitted by means of
the thermal impedance curves. Considering the fitting accu-
racy and computation pressure, Zpjn_iGBr and Zyj,_rwp are
expressed by 4-order RC-network, while Z;, jcp and Zy,_pcr
are described by 3-order RC-network.

Fig. 10 shows the comparison of three different heat-
ing methods: IGBT tubes of the upper switch in a half
bridge are heated indicted by thermal impedance Zyr_10_an
and Zuju_10r_ax; IGBT tubes of the half bridge are heated
indicted by thermal impedance Zy,jr_10._ng and Zyjn_10L_HB;
IGBT tubes of the full bridge are heated indicted by thermal
impedance Zyjr_101_igbt_rrr and Zgjn_10L_ight_FH-

It can be seen that Zy,j, jepr changes slightly under dif-
ferent heating methods, whereas the change of Zy¢_jGpr is
a little large. This result shows the convenience of thermal
impedance measurement using the proposed method. The
method of full-bridge heating is adopted to measure the
thermal impedance Zyj,_jgpr, the values of resistance and
capacitance are listed in Table 2.

Since Fig.10 shows the weakness of IGBT thermal
impedance measurement in terms of traditional Foster model,
it is not necessary to make a comparison between Zgu_rwp
and Zyjr pwp. Fig.11 illustrates the comparison of two
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TABLE 2. Parameters of Zy;, 4GBy

. ) Time
resistance  value capacitance value value
constant
R,y 0.00108 C, 335.30 Tau, 0.3628
R, 0.00878 C, 60.77 Tau, 0.5333
R; 0.04082 Cs 1.90 Taus 0.0775
Ry 0.04082 Cy 1.86 Tauy 0.0758

different heating methods for the measurement of Z;,_rwp
and it shows little difference between full-bridge heating and
single tube heating.

0.16
0.14
0.12

01
0.08
0.06
0.04
0.02

Zth{(K/W)

time(s)
——7thjn_10L_fwd_fh  =——Zthjn_10L_FWD_AH
FIGURE 11. Thermal impedances of Zy;, pyp at the flow rate 10L/min.
Similar to the measurement of Zy, jGpr, the method
of full-bridge heating is adopted to measure the thermal

impedance Zy,,_gwp and the values of resistance and capac-
itance are listed in Table 3.

TABLE 3. Parameters of Zyyn pyp-

Time

resistance  value capacitance  value value
constant
R, 0.07105 C 0.6083 Tau, 0.0432
R, 0.05410 C, 44214 Tau, 0.2392
R; 0.00100 G, 251.50 Tau; 0.2515
Ry 0.01145 C, 0.1299 Tauy 0.0015
0.08
0.07
0.06
= 0.05
g
E 0.04
EI
£ o0
0.02
0.01
0
0 2 4 6 8 10

time(s)

FIGURE 12. Thermal impedances of Z, ;cp and Zy, p; at the flow rate
10L/min.

The thermal impedance curve of Zy, jcp (¢) is the same
as Zy_pcr (t), since the thermal coupling shares the same
coupling path. Fig.12 shows the thermal impedance curve of

VOLUME 8, 2020



Y. Zhu et al.: IGBT Junction Temperature Measurement Under ASC and LR Modes

IEEE Access

TABLE 4. Parameters of Zy, jcp and Zy, pc-

. . Time
resistance  value capacitance  value value
constant
R, 0.031 C, 40.774 Tau, 1.264
R, 0.021 C, 19.348 Tau, 0.406
R; 0.010 Cs 2913 Taus 0.0293

Zm_1cp and Zy_pcr, and the measurement method is intro-
duced in the part C of Section III. The values of resistances
and capacitances are shown in Table 4.

D. IGBT JUNCTION TEMPERATURE VERIFICATION UNDER

LOCKED-ROTOR CONDITION

The verification is conducted under the following condition:
10kHz switching frequency, 400V bus voltage, and 10L/min
flow rate. The power loss is calculated according to the for-
mulas in Section II and the calculation accuracy of power loss
is verified by the junction temperature estimation results. The
junction temperature verification is based on black-painted
module. The results of IGBT power losses and the junction
temperature estimation are shown in Fig. 13.

100
800 [ 71488
—B— estimated femperature
700 —HB— measured temperature

—A— power loss

®-— temperatuge error
600

541
3 §
500 |- 7 60
375.91 :
400 - :
8’

300 | 241

Power loss (W)

\\\
2
,
N
3
Temperature variation (°C)

100 |

Locked-rotor current (A)

FIGURE 13. Power loss and junction temperature variation of IGBT under
different locked-rotor currents.

When the locked-rotor current reaches 500A, the IGBT
loss is 715W and the temperature rise has reached around
90°C. According to the worst-case analysis, assuming that the
coolant temperature is 65°C, the IGBT junction temperature
has reached 155°C. However, to avoid the risk of IGBT
overheating, the real-time junction temperature should not
exceed 150°C. Thus, the rocked-rotor current of HP-drive
should be set less than S00A when the flow rate is 10L/min.

Fig. 13 compares the results of the estimated junction tem-
perature with the measured values. The average estimation
accuracy is about 3°C, and the estimation accuracy is more
accurate under the condition of the large current, since the
conduction loss of the large current is relatively large.

Fig. 14 illustrates the results of thermal infrared camera
under the experimental condition: 550A locked-rotor current,
10L/min flow rate, and coolant temperature 20°C. From the
perspective of the thermal stress distribution field, IGBT of
upper switches and FWD of lower switches are hotter, which
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FIGURE 14. The results of thermal infrared camera under the 550A
locked-rotor current.

is consistent with the theoretical analysis, since IGBT of
upper switches and FWD of lower switches are in the working
condition of zero voltage vector U111 and UOOO for a long
time.

L5

FIGURE 15. Three-phase current waveform under ASC condition.

E. IGBT JUNCTION TEMPERATURE VERIFICATION UNDER
ASC CONDITION
Fig. 15 shows the measured three-phase current waveform
during ASC execution in motor test bench. At first, the motor
works in electric mode at the speed of 8000rpm and the load
torque of 185N. The steady-state current amplitude is about
615A. After switching to ASC mode, the current increases to
1080A in a short time, and then enters the steady state.
Since the duration of transient process is short, the temper-
ature verification is not easy to be conducted in test bench
and only depends on PSPICE simulation. Thus, the junction
temperature verification includes the transient and steady-
state process.

1) ASC ELECTROTHERMAL TRANSISENT SIMULATION

Assuming that the coolant temperature is 65°C and the flow
rate is 10L/min, the junction temperature of IGBT in ASC
mode is simulated by PSPICE model. As can be seen from
Fig. 16, in the early stage of active short circuit, the peak
current is at 1120A. Due to the fast decay of transient com-
ponents and the existence of IGBT module heat capacity,
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FIGURE 16. IGBT thermal stress simulation analysis for ASC transient
process.

the transient peak current does not cause the rapid IGBT junc-
tion temperature rise. In fact, IGBT temperature increases
rapidly in the initial stage. However, due to the rapid atten-
uation of peak current, when IGBT temperature increases to
90°C, the transient component of active short circuit current
becomes weak and the ASC mode enters the steady-state
process.

FIGURE 17. The results of thermal infrared camera under ASC mode.

2) ONLINE STEADT-STATE JUNCTION TEMPERATURE
ESTIMATION

Fig. 17 is the results of the thermal infrared camera of the
IGBT module when the motor enters the steady state of ASC
mode. It can be seen that only half part of IGBT module is
operating.

In the on-line junction temperature validation experiment,
the coolant temperature is changed to 25°C. As can be seen
from Fig. 18, the PMSM is put into the normal electric mode
from 0.6s to 2.7s with the load torque of 60Nm and the speed
of 8000rpm. The motor enters ASC mode at 2.7s, and the
duration of ASC mode is about 1s. The loss of IGBT is 176 W
and the corresponding junction temperature is about 50°C.

It can be seen that the measured value can predict the
real-time junction temperature variation and the error is
within 3°C. The corresponding temperature variation is 25°C,
which is consistent with the temperature rise of simulation
results with the 65°C coolant temperature and 90°C IGBT
junction temperature.
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FIGURE 18. Real-time calculation of IGBT junction temperature under ASC
mode.

It can be found that the response of the estimated temper-
ature is slower than that of the measured temperature. This is
because the values of resistance and capacitance obtained by
the fitting the measured thermal impedance are not accurate
enough to describe the dynamic process, that is, there are
some deviations in the fitting operation. Furthermore, there
are also some errors during the measurement of thermal
impedance. So the predicted temperature cannot track the
temperature change totally with some delay when the power
loss changes. However, the delay is not serious and we pay
more attention to the steady-state values. The accuracy of
steady-state shows good prediction effect and the estimation
error is below 3°C.

V. CONCLUSION

In this paper, a modified foster thermal model based on NTC
temperature sensor has been proposed under the LR and
ASC conditions. Compared with the traditional Foster model,
the proposed thermal model is proved to be independent of
the coolant flow rates, which shows its advantages without
complex calibration of thermal impedance under different
flow rates.

The proposed thermal model has been validated by exper-
iments. With respect to locked-rotor condition, the temper-
ature performance is indicated with the average estimation
error of about 3°C under different locked-rotor currents;
Offline simulation and experimental measurement are per-
formed to verify the correctness and effectiveness of the
proposed thermal model under ASC condition. The offline
simulation shows that the transient peak current does not
cause the rapid IGBT junction temperature rise. The steady-
state experiment is conducted to validate the proposed model
with small estimation error. It can be concluded that active
junction temperature control is supposed to work when the
predicted junction temperature is beyond the safety threshold
under the LR and ASC condition..
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