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Abstract—Auxiliary-source bond wires and connections are
widely used in power modules with paralleled MOSFETs or
insulated gate bipolar transistor (IGBTs). This paper investigates
the operation mechanism of the auxiliary-source connections in
multichip power modules. It reveals that the auxiliary-source
connections cannot fully decouple the power loop and the
gate loop such as the Kelvin-source connection, owing to their
involvement in the loop of the power source current. Three effects
of the auxiliary-source connections are then analyzed, which are
1) the common source stray inductance reduction, 2) the transient
drain-source current imbalance mitigation, and 3) the influence
on the steady-state current distribution. Finally, simulations and
experimental results validate the theoretical analysis.

Index Terms—Auxiliary connection, direct-bonded copper
(DBC) layout, power module, SiC MOSFET.

I. INTRODUCTION

ULTICHIP power modules with paralleled power semi-
M conductor devices are widely used with today’s power
electronics applications, such as the renewable power systems
[1]-[3], variable speed drives [4], and electrification of transport
[5], [6]. With the new generation of power semiconductor
devices switching faster, e.g., wide band gap (WBGQG) devices,
the effects of the parasitic circuit parameters in the power mod-
ule tend to be more apparent [7]-[10]. One challenge is that the
common source stray inductance limits the switching speed and
causes more switching losses [11]. Common source stray induc-
tance is the stray inductance in both the gate—source current loop
and the drain—source current loop. To avoid the common source
stray inductance, auxiliary-source connections are usually used
in fast switching multichip power modules [7], [12].
Auxiliary-source connection for a single die is called as
Kelvin-source connection. The CoolMOS devices released by
Infineon are equipped with Kelvin-source connections, and the
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Fig. 1. Kelvin-source connection for a single device.

Wolfspeed 900V SiC MOSFETs (C3M0065090J) in the D2PAK
package also have Kelvin-source connection, which are shown
in Fig. 1 [11], [13].

The Kelvin-source connection decouples the gate—source cur-
rent loop and the drain—source current loop, which thus elimi-
nates the effect of common source stray inductance on a single
die, and consequently improves the switching speed with the
reduced switching losses [11], [14]-[17]. It shows that using
the Kelvin source connection can reduce up to 44% turn-on loss
and up to 40% turn-off loss [14], [17]. This loss reduction sub-
stantially improves the thermal performance of device and the
system efficiency. Furthermore, increasing the switching speed
by using the Kelvin-source connection is preferred over the re-
duction of the gate resistor, since the latter will increase gate
current and leads to extra gate oscillations [17].

In the multichip power modules with the auxiliary-source
connections [12], [18], [19], it is usually deemed that the
auxiliary-source connections can have similar effects to the
Kelvin-source connections, i.e., avoiding the adverse effects of
the common source stray inductance, and therefore improving
the switching speed with reduced switching losses. However, in
this paper, it is revealed that there are differences between the
effects of the Kelvin-source connection on the single device and
that of the auxiliary-source connections in the multichip power
modules. The operation mechanism and effects of auxiliary-
source connections are further analyzed in detail.

This paper is organized as follows: the auxiliary-source con-
nections are described in Section II, where the differences be-
tween the Kelvin-source connection and the auxiliary-source
connections are discussed with mathematic analysis and cir-
cuit modeling. It is found that the auxiliary-source connections
are involved in the power current loop, which causes the cir-
culating current among the auxiliary-source connections. Then,
the effects of auxiliary-source connections on the switching
performance of power modules are systematically analyzed in
Section III, which include the reduction of the common source

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 2. Single MOSFET (a) without the Kelvin-source connection and (b) with
the Kelvin-source connections.
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Fig.3. Two-paralleled MOSFETs (a) without auxiliary-source connections and
(b) with auxiliary-source connections.

stray inductance, the mitigation of the transient drain—source
current imbalance, and the influence on the steady-state cur-
rent distribution in the bond wire. The experimental results are
presented in Section IV, which validate the theoretical analy-
sis and the effects of the auxiliary-source connections. Finally,
conclusions are presented in Section V.

II. KELVIN-SOURCE AND AUXILIARY-SOURCE CONNECTION

A. Kelvin-Source Connection and Auxiliary-Source
Connection

A single MOSFET device with and without the Kelvin-source
connection is illustrated in the double pulse test circuit shown in
Fig. 2. InFig. 2(a), Q1 is the MOSFET. D is the diode. L is the load
inductor. Cy. is dc link capacitor. Uy, is the dc link voltage. Ly
is the stray inductance only included in the gate—source loop,
regardless of Kelvin-source connection. L is included in both in
the gate—source loop and the drain—source loop without Kelvin-
source connection. In contrast, Fig. 2(b) clearly shows that with
the Kelvin-source connection, the gate—source current loop and
the drain source current loop are fully decoupled. Hence, the
Kelvin-source connection can avoid the effect of the common
stray inductance, thus improving switching speed and reducing
switching losses [9].

Fig. 3 illustrates the use (or not) of the auxiliary-source con-
nections with two paralleled MOSFETs in the double-pulse test
circuit. Fig. 3(a) shows that L1 and Lo are the common source
stray inductances for ); and ()2, respectively. Fig. 3(b) depicts
the use of the auxiliary-source connections, i.e., Lyy; and Lgyo
to decouple the stray inductances Ly and Lgo.
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Fig. 4. (a) Multichip power module with auxiliary-source connections and
(b) multichip DBC layout with auxiliary-source connections.

However, by taking a closer look at Fig. 3(b), it can be found
that Lgy; and Lgyo still form a current loop with power source
currents of MOSFETs ()9 and ;. For example, the drain current
of Q2 can go through Lo — L¢x1 — L1, and then back to the
dc link. This means that the auxiliary-source connections for the
paralleled devices cannot fully decouple the gate—source current
loop and the drain—source current loop, as single device with
Kelvin-source connection.

The magnitude of the current going through Lo and Lgy
depends on the impedance of the path Lgo — Lsx1 — Ls1 and
the path of Lg,. Hence, considering the parasitic resistances,
the impedance Z, instead of the inductance L, is used in the
following analysis.

B. Auxiliary-Source Connections Within Multichip Power
Modules

A SiC MOSFET multichip half-bridge power module with the
auxiliary-source connections is shown in Fig. 4(a). The direct
bonded copper (DBC) layout of this power module is shown in
Fig. 4(b). To elaborate the effect of the auxiliary source connec-
tion on the multichip power module, a circuit model of the DBC
layout with the auxiliary-source connections is shown in Fig. 5.

Zyy 18 the impedance of power source bond wires. Z15, Zs3,
Zs34, and Zg are the impedances of the DBC traces, as stated in
Fig. 4(b). Zs12, Zs23, Zs34 are the impedance of the auxiliary
DBC traces. Zy is the impedance of the auxiliary-source bond
wires.

Similar to the case of paralleling two MOSFETS, the auxiliary-
source connections in the multichip power module are also
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Fig. 5. Modeling of the DBC layout in a double pulse test circuit with
auxiliary-source connections.

involved in the power source current loops. For instance, the
MOSFET drain current /p4 can go back to the dc-terminal via
Zyy — L3y — Loy — ZL1o — Zss, Which is the expected path, as
depicted with the red curve. But it can also go through Z}4 —
L3y — Lgo3 — Lg1o — Lpxl — Lyl — Zss, as illustrated with
the blue curve, even though this current loop has much higher
impedance than the expected one. The current distribution in
the DBC layout depends on the impedance relationship of the
different paths, which will be analyzed in Section III.

III. EFFECTS OF AUXILIARY-SOURCE CONNECTIONS
A. Reduction of Common Source Stray Inductance

Although the auxiliary-source connections are involved in
the power source current loop, they can still mitigate the effect
of the common source stray inductance in the power module.
With the auxiliary-source connections illustrated in Fig. 4, the
inductance of the DBC traces Z; is not involved in gate source
current loop any more, which means that it is excluded from
the common source stray inductance of the whole power
module, i.e., the common source stray inductance of the whole
power module is reduced. Therefore, one of the auxiliary-source
connection effects is the reduction of the common source stray
inductance for the whole power module. Consequently, it can
improve the switching speed of the power module and reduce
the power losses, as the effect of Kelvin-source connection.

B. Mitigation of Transient Current Imbalance

The paralleled dies in this DBC layout have the mismatched
value of common source stray inductance and the current cou-
pling effect, which may lead to the large transient current im-
balance [6]. In the saturation region, the small signal model of
the MOSFET drain current and the gate—source voltage is

ip = gts(Vas — Vin)- )]
And the gate—source voltage is
. dis .
Vas = Vaviver —ic Ra — LSE = Viriver — i Ra— A Vis.
2

The paralleled dies usually have a common gate driver.
Compared to drain—source current, the gate—source current is
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Fig. 6. Simulation results of transient drain current distribution (a) without
auxiliary-source connections (i, = 102), (b) with auxiliary-source connec-
tions (R, = 10(2), and (c) with auxiliary-source connections (R, = 23 ().

negligible, and thus the difference in the gate voltage potentials
of the paralleled MOSFETs is very small. Therefore, the differ-
ence in gate—source voltages between paralleled MOSFETSs is the
voltage potential difference between the source pads of the par-
alleled MOSFETS, i.e., Vi152. The transient current imbalance
between two paralleled dies can be described as

ip1 —ip2 = gis(Vast — Vas2) = g Viasl. 3)

The auxiliary connections can be considered as a paral-
lel path to the power source path, thus reducing the total
impedance for the power source current paths. Assuming that
the impedance relationships of the auxiliary-source connections
and the power source traces are Z,, = 37, and Zg19 = Zg93 =
L3y = 32419 = 32453 = 3234, the transient current simulation
results of the paralleled four dies with this DBC layout are shown
in Fig. 6.

The di/dt for MOSFETI in Fig. 6(a) is about 0.7 A/ns while
in Fig. 6(b) the di/dt for MOSFETI is about 1.6 A/ns. di/dt in
Fig. 6(b) is larger than that in Fig. 6(a) and it verifies that the
auxiliary-source connections reduce the total common source
stray inductance, similarly to that of the Kevin-source connec-
tion. di/dt by increasing the gate resistance in Fig. 6(c) is also
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similar to that in Fig. 6(a), but the current imbalance in Fig. 6(c)
is reduced compared to that in Fig. 6(a).

C. Steady-State Current Distribution in the Power Source
Bond Wires

Assuming again the impedance relationships of the power
trace and the auxiliary-source connections as Zj,x = 3L; and
L9 = Lgog = Lg3q = 37419 = 3793 = 3734, the steady—state
current distributions of the power-source bond wires Z,1 — Zy4
and the auxiliary-source bond wires can be calculated as
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Ip is the steady-state drain current of the MOSFET. Iz}, iS
the current going through the auxiliary-source bond wires. 171,
is the current going through the power source bond wires.

It is noted that Z;; has the highest current stress while Z;,4
has the lowest current stress. This fact proves that the auxiliary-
source bond wires are not only carrying on the gate current,
but they are also stressed by the current flowing through the
drains. The simulation results of the current distribution in the
power source bond wires and the auxiliary-source bond wires
are shown in Fig. 7.

The impedance of the DBC traces and bond wires in the power
module may be different from the case of Z,y = 37,. However,
the auxiliary-source connection will take the steady-state power
current. Based on the mathematic analysis and simulation, the
auxiliary-source effects can be summarized as follows.

1) First, the auxiliary-source connections can reduce the
common source stray inductance of the power module,
the effect of which is similar with the Kelvin-source
connection.

2) Second, the auxiliary-source connection can mitigate
transient current imbalances among the paralleled
dies, since the power -currents also go through
the auxiliary-source connections. Consequently, the
current going through the power traces and bond wires
are reduced. With the same switching period, di/dt
is reduced. Therefore, the source voltage potential
differences are also reduced, which will mitigate the
transient current imbalances.

3) Third, the auxiliary-source connections are involved in
the power current loop, which will increase the current
stresses on the auxiliary-source connections and current
imbalances in the power source bond wires. The steady-
state current distribution in the power source bond wires
is affected by auxiliary-source connections.
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Fig. 7. Simulation results of the steady-state current distributions (a) four
MOSFETs drain currents, (b) currents in the power source bond wires, and (c)
currents in the auxiliary-source bond wires.

IV. EXPERIMENTAL STUDY

The experimental study of the current distributions in the
multichip power module is performed with printed circuit board
(PCB) circuits, which are designed to have the similar layout of
the DBC, as shown in Fig. 8.

A. Reduction of Common Source Stray Inductance

The experimental results of the total current of four paralleled
SiC MOSFETs are shown in Fig. 9. Fig. 9(a) shows the total
current of the paralleled four SiC MOSFETs without the auxiliary-
source connections while Fig. 9(b) shows the total current with
auxiliary-source connections. These two experimental results
are carried out with the same gate driver condition.

The turn-on maximum di/dt of the total current without the
auxiliary source connections is about 3.1 A/ns while the turn-on
maximum di/dt of the total current with the auxiliary source
connections is increased up to 4.3 A/ns. During the turn-off
process, the maximum di/dt without the auxiliary source con-
nections is about 1.9 A/ns and the maximum di/dt with the



7820

(b)

Fig. 8.  Experimental study with PCB circuit (a) PCB hardware circuit and
(b) PCB layout.

auxiliary source connections is up to 3.2 A/ns. The total cur-
rent turn-on and turn-off switching speeds with auxiliary-source
connections are around 38% and 68% faster than that with-
out the auxiliary-source connections, respectively. It validates
that the auxiliary-source connections reduce the total common
source stray inductance and improve the power module switch-
ing speed.

The total current overshoot is caused by the parasitic capaci-
tance from the freewheeling diode and the load inductor. Since
the switching speed of the total current is increased with the
auxiliary source connection, the overshoot of the total current is
also larger than that without the auxiliary source connection.

B. Mitigation of Transient Current Imbalance

The transient current distribution among the paralleled MOS-
FETs is shown in Fig. 10(a) without auxiliary-source connections
and in Fig. 10(b) with auxiliary-source connections.

In Fig. 10(a), MOSFET1 has a turn-on maximum di/dt about
1.6 A/ns which is about four times higher than that of MOSFET4
about 0.4 A/ns. In Fig. 10(b), MOSFET1 has a turn-on maximum
di/dt about 1.5 A/ns and MOSFET4 has a turn-on maximum
di/dt about 0.8 A/ns.

It can be seen that the transient current imbalance among
the paralleled MOSFETs is mitigated with the auxiliary-source
connections. With the auxiliary source connections, the turn-
off delay time is reduced dramatically, from about 20 ns to
only 5 ns. However, the transient current imbalance still exists.
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Fig. 9. Experimental results of the total SiC MOSFETs current (a) without
auxiliary-source connections and (b) with auxiliary-source connections.

Aucxiliary-source connections can mitigate the transient current
imbalance but the mitigation effect is limited.

Simulation results with the parasitic parameters close to the
PCB circuit are shown in Fig. 11. The simulation results of
Fig. 11(a) and (b) are consistent with the experimental results in
Fig. 9(a) and Fig. 10(a), respectively, which validates the effec-
tiveness of the equivalent circuit model as well as the transient
current distribution analysis with the PCB circuits.
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Fig. 10. Transient MOSFETs drain current distribution (a) without auxiliary-
source connections and (b) with auxiliary-source connections.

C. Steady-State Current Distribution

The steady-state current distribution is done with a higher
current level in order to see the currents in the auxiliary-source
connections. The MOSFETs drain currents and the currents in
the auxiliary-source connections are shown in Fig. 12. The
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Fig. 11. Transient MOSFETs current simulation results with PCB circuit par-
asitic parameters and without auxiliary source connections (a) total current
(b) individual MOSFETs currents.

auxiliary-source connections take much higher current than the
gate current.

In this experimental study, the ratio of the drain currents
flowing through the auxiliary-source connections is larger than
expected in a power module. This is because the auxiliary-
source connections in this experimental study were made with
copper wires which have impedance comparable to that of the
PCB traces of the drain connection. Therefore, the relationship
between the impedance of the auxiliary-source connections and
that of the drain connection is much smaller than that in a
power module. Normally in a power module, the impedances of
the auxiliary-source connections are a few orders of magnitude
bigger than the ones of the drain connection. The current flowing
through the auxiliary-source connection should be much smaller
when compared to the one flowing through the drain connection.
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Fig. 12.  Steady-state current distribution of (a) MOSFETs drain currents and
(b) auxiliary-source connections currents.

V. CONCLUSION

This paper investigates the effects of auxiliary-source con-
nections in multichip power modules with paralleled MOSFETs.
Aucxiliary-source connections can reduce common source stray
inductances for multichip power modules. But they cannot
totally decouple the gate—source loop and the drain—source
loop because they are still in the loop of drain currents.
Moreover, auxiliary-source connections are able to mitigate the
transient MOSFETs current imbalances. Simultaneously, they
also lead to steady-state current imbalances in the bond wires
of the power source traces due to currents flowing through
the auxiliary-source connections. Simulation and experimental
results validate the analysis of current distributions during both
transient period and steady-state period. In the design of the fast
switching multichip power module, auxiliary source connec-
tions can help improve the switching speed of the power module
and mitigate the transient current imbalances. But there may
be steady-state circulating current among the auxiliary source
connection. One possible solution to suppress the auxiliary-
source steady-state currents is inserting source resistors in the
auxiliary-source connections, by which the impedance of the
auxiliary source connections can be significantly increased.
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