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Application Note PRD-08911

Considerations for Current Balancing in Paralleled SiC
Power Modules

Paralleling power modules is a useful method for increasing the ampacity of power electronics systems while
using cheaper, smaller modules. However, successful implementation requires careful attention to the layout
and implementation to maximize performance. This document provides a detailed overview of how to parallel
SiC power modules in applications. The document discusses layout considerations, gate driver
implementations, module parameter matching, and mitigation methods, with an emphasis on current sharing.
Light discussion on general implementation is also provided.
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1. Scope

This document focuses on the currentimbalance between paralleled power modules during operation. General
design or operational issues in applications utilizing paralleled modules may not be covered. Best-practice
power electronic design principles (minimizing stray inductance, maximizing symmetry) should be
implemented in all designs.

2. Introduction

Designing a power electronics system requires balancing numerous tradeoffs to meet the target specifications.
These tradeoffs include size, efficiency, peak power capability, reliability, and any other design specifications.
One of the first and most important considerations to make during the design process is selecting the switching
semiconductor device that the system will be developed around. However, selecting a device suitable for a
given design is complex, and requires careful analysis of the characteristics of available parts. In some cases, it
may be necessary to place multiple power modules in parallel to achieve the desired current rating. Doing so
requires implementing proper layout techniques and considering the inherent differences between devices.
This document will give an overview of the challenges, considerations, and solutions to improve designs that
leverage paralleled power modules.

2.1 Paralleling Configurations

With the growing demand for high-current applications, it becomes necessary to parallel multiple MOSFETSs to
achieve the desired power levels. The paralleling of these devices can be performed both at the die level and
the package level, as shown in Figure 1.

Package-level paralleling describes when packaged single-chip devices are paralleled. This is most often
performed with discrete devices, shown in the left of Figure 1. These systems can achieve high power density
and offer high flexibility, but present significant design challenges regarding layout and isolation. In addition,
the large size of discrete packages relative to the die limits the number of devices that can be placed in parallel

Increasing configurability and custom design requirements

Packagc Parallcling Dic Parallcling Dic and Packagc Parallcling

A A 4

Increasing Ampacity
Figure 1: Trends in complexity and optimization for power device packaging
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before the size of the layout becomes a limitation. Ultimately, it is the system designer’s responsibility to ensure
that the current distribution between each device meets their specifications.

Die-level paralleling describes when the bare MOSFETSs are attached to the same substrate within a package.
These packages are referred to as multi-chip power modules (MCPMs) and allow designers to seamlessly
integrate high-current devices into their system without considering the balance between die. Manufacturers
optimize the package layout to balance the parasitics and provide easy-to-connect terminals for integration.
Power modules are also provided in various topologies, such as single-switch, half-bridge, full-bridge, or six-
pack configurations, and can include integrated features such as Schottky diodes, DESAT protection, and
temperature measurements. An example of a half-bridge SiC MOSFET power module capable of over 760 A DC
operation is the Wolfspeed® CAB760M12HM3 shown in the center of Figure 1. Overall, the high performance and
ease of integration of power modules makes them an attractive option for system designers.

For very high current applications, commercially available power modules may not be suitable or available.
There are several reasons for this. Physically larger modules are more specialized and manufactured at lower
volumes, thereby decreasing availability and increasing cost. Larger modules also have increased distance
between the terminals and the die within the package, increasing parasitic inductance in the power and gate
loop. As the required current levels exceed ~500 - 1000 A, it becomes more attractive to instead parallel power
modules to further increase the ampacity of the system, as shown in the right of Figure 1. When properly
implemented, paralleled power modules offer the highest available ampacity for a system. However, paralleling
power modules presents the same current balancing challenges as paralleling discrete devices, and it is the
designer’s responsibility to ensure that each individual module will not exceed its rated specifications during
operation. Module paralleling is not restricted to half-bridge devices and can be applied to full-bridge and six-
pack topologies as well.

2.2 Advantages of Paralleling Power Modules
Overall, paralleling power modules can provide the following advantages:

e Higher current-carrying capability than discrete or single-module implementations

e More design options, as low-current commercial modules are more readily available in industry-
standard packages

e More flexible gate driver design and implementation (and can use smaller, less expensive driving chips)
e Ifasingle module fails, it is less expensive to replace
e Modules can be spread out on the heatsink, increasing the effectiveness of cooling

e Lower inductance and greater symmetry are possible, as bussing can be spread out across multiple
terminals
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2.3 Advantages of SiC MOSFETs over IGBTs

It is the general assumption that the faster switching speeds of SiC MOSFETs would make them more difficult
to parallel while maintaining proper dynamic current sharing. On the contrary, SiC MOSFETs generally have
several advantages over IGBTs:

1. The switching losses of SiC MOSFETSs are stable across temperature, while IGBTs exhibit higher losses
with temperature. This positive feedback between temperature and losses in IGBTs exacerbates
temperature imbalance.

2. SiC MOSFETs often have a higher Rpson) temperature coefficient [1] than Si IGBT V¢ characteristics,
which acts as a balancing mechanism when temperature imbalances exist.

3. IGBTs have a steeper transconductance curve such that small changes in gate voltage near threshold
have a larger effect on conduction as compared to SiC MOSFETSs.

4. SiC MOSFETs are more thermally conductive, allowing for better device-level heat dissipation and
stable operating temperatures.

5. IGBTs are susceptible to thermal runaway [2] and generally operate at lower temperatures than SiC
MOSFETSs.

2.4 Ideal Paralleling

In an ideal case, the load current (/.00q) Of @ system is shared equally among paralleled modules. So, in an
application using n modules, the load current through each module is /;0a4/n, as shown in the example in Figure
2 with three modules sharing a 1500 A load equally. In this configuration, where each switch position has its
own gate driver, each module can be considered an independent device operating at /.0aq/n. For example,
consider an 850 A application using two CAB425M12XM3 power modules in parallel. The expected performance
of each module can be determined by referencing the CAB425M12XM3 datasheet operating at 425 A, then scaled
appropriately for the number of devices in parallel. If the switching losses are determined to be 20 mJ for one
module, then the total switching losses for the full system is 40 mJ. For the purposes of designing the

In an ideal case, paralleling n modules

will scale the total system current by n 1500 Al
500 A l 500A | 500 A l
M, M, M;

— — —
> —o—] e D> ——] e GD -
d - d H H

) [ ——" [

I— — —
[ A ——] e (o> AM—— e Sy ——
L — LT — L —

SDOA” 500A 500A1|
1500A |

Figure 2: Ideal current sharing between half-bridge power modules
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surrounding system (cooling requirements, passive elements, filtering, load size, etc.), the paralleled power
electronics can be considered one single unit. Here, this system should simply be designed for 850 A.

2.5 Non-ideal Paralleling

When paralleling modules, asymmetries will inherently exist in any system that will result in an imbalance in
current sharing and temperature. These imbalances can be caused by both the module characteristics and the
surrounding system. The sources of imbalances that will be discussed in this document are summarized below.

System Layout: The system layout describes the electrical interface between the modules and the
surrounding buswork. In general, there are two primary considerations in the layout. The first relates to
the parasitic inductance of the commutation and gate loop of each module, which can affect the
dynamic switching behavior of each module. The second is to the impedance to the load, which can
affect the steady-state current sharing of each module.

Gate Driver Configuration: The implementation of the gate driver is highly important for balanced
switching. Asymmetric driving speed or timing delays can cause current imbalance, and improper
configuration can contribute to circulating currents and stability issues.

Module Parameter Mismatch: Semiconductor devices have intrinsic variations in their characteristics.
When paralleling modules, these variations can cause a mismatch in current sharing. The most
commonly studied parameters for current sharing are the on-state resistance (Ros,on) and the threshold
voltage (Vrn). Rosion causes differences in conduction losses between modules, while Vry causes
differences in switching losses between modules.

Heatsink Configuration: The primary consequence of current imbalance is the resulting temperature
imbalance. A heatsink that does not apply cooling evenly to each module can exacerbate this issue.

2.6 Effects of Current Imbalance

Asymmetric current flow between modules can result in a temperature imbalance that reduces lifetime and
limits ampacity [3], [4]. Consider the notional diagrams of two parallel devices in Figure 3. In this system, Module
A is subject to 55% of the total current and Module B is subject to 45% of the total current. In Figure 3 (a), the
system is in a low-load state, and the MOSFET temperatures of each module differ by only 5°C. In Figure 3 (b),
the system changes to a heavy-load state, and the temperature of each module now differs by 20°C. An
important aspect here is that, between state a and state b, Module A increased in temperature by 75°C, while
Module B increased in temperature by 60°C. As the temperature of the module changes, materials within it will
expand and contract. Mismatch of the coefficients of thermal expansion (CTE) causes thermomechanical stress
of the die attachment. Over time, this stress can cause mechanical attachments within the module to fail. The
stress imparted on the module is largely dependent on the change in temperature; for example, a 1°C increase
in temperature will cause very little expansion of the materials (and thus little stress), whereas a 50°C increase
in temperature will be significant. Figure 4 provides a notional plot of a typical lifetime curve. AT, corresponds
to a change in the virtual junction temperature of the module. As AT, increases, the number of cycles that a
typical module will survive decreases. For the paralleled module case in Figure 3 (b), this increased AT, will
cause module A to fail before module B. Because a system’s reliability is defined by its first failure point, this
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causes an overall reduction in the system reliability. A system in which the CTE mechanical stress is imparted
evenly on each module will have a longer lifetime.

The second issue is the reduction in ampacity caused by exceeding the maximum operating temperature.
Consider the peak-load condition in Figure 3 (c), where the current is increased until module A reaches 175°C
(the maximum rated T,). Here, the system cannot increase in operating current further because module A will
exceed its rating. However, module B is below its maximum operating T, at 140°C. Here, the total ampacity of
the system is effectively limited by the module imbalance, as module B is not carrying its full current capability.

System ON, 100 A (a)

Module A: 55 A Module B: 45 A

1. System is in low-load state.
Both modules cool towards the
heatsink temperature as minimal
losses exist

Baseplate Baseplate

Heat Sink

Module A: 550 A Module B: 450 A System ON, 1000 A (b)

2. System is in a heavy-load state.
Module A heats up to a higher
temperature than module B
because of higher losses. Module
A undergoes a higher AT, and
degrades faster due to CTE.

Baseplate Baseplate

Increasing Load Current

Heat Sink

Module A: 825 A Module B: 675 A System ON, 1500 A (c)
I

3. System is in a peak-load state.
Module A heats up to its
maximum temperature. Module B | W
is below its maximum
temperature. The effective
ampacity is reduced.

T,=175°C

S

Baseplate Baseplate

Heat Sink Note: numbers are not reflective of a
real system

Figure 3: Effect of current imbalance on module temperature and thermal expansion degradation

T T T
Lol

Higher temperature swings
decrease cycle lifetime

\

# Cycles

T
ol

ATj
Figure 4: Notional effect of current imbalance on module temperature and thermal expansion degradation
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3. Empirical Test Study Configuration

As summarized in Section 2.5, there are several device and system dependent factors that contribute to
asymmetric current sharing within power modules. In this document, both an empirical setup and simulation
are used to study the current imbalance between modules in paralleled applications. CAB450M12XM3 half-
bridge power modules (Figure 5) are used as the paralleled switching device. This module is capable of
operating at 450 A continuously with a blocking capability of 1.2 kV. This section will describe the hardware
used for the empirical analysis. This hardware implementation is for demonstrating the sensitivity of
different parameters and does not represent an optimized or well-designed system.

3.1 Double Pulse Test / Reverse Recovery

A single printed circuit board (PCB) was designed that can
parallel up to three CAB450M12XM3 modules for DPT,
reverse recovery, and short-circuit testing. A notional
circuit diagram of this PCB is shown in Figure 6. From left
to right, the modules are labeled A, B, and C. Throughout
this analysis, connections or other configuration elements

may be changed. This circuit represents the “default” state ~ Figure 5: CAB450M12XM3 power module test
of the system; any results discussed herein will follow this subject used for analysis

layout unless otherwise specified.

For double pulse tests (DPTs), the low side of each device is actively switched while the high side is kept OFF.
For reverse recovery (RR) tests, the high side of each device is actively switched while the low side is kept OFF.
The load inductor connection is also changed between these two configurations. One side of the load inductor
is always connected to the midpoint of the modules. The other side of the load inductor changes between V. for
DPT and V. for RR. A DC link capacitor (Coc) is charged to the desired bus voltage for each test, and the charge
pulse time is adjusted to reach the desired operating current. For more information on the fundamental
operation of double-pulse and reverse recovery testing, refer to PRD-08333.

Smallinductor elements indicate stray inductances. These values are not to be quantified in this document, but
simply represent that the connection between those two nodes has a significant portion of stray inductance
that may contribute to imbalance. Additional inductance may also be added at those locations to understand
their influence on current balancing. To understand how this will be used, consider the load inductor
connection. The midpoint of each module (Mids, Mids, Midc) are connected together on the PCB. This
connection on the PCB has some inductance, creating inductance between Ly, Ls, and Lc. For example, if the
load inductor is connected at L, then there will be additional inductance relative to module C (follow the path
from La to Midc). On the other side of the inductor, it can be connected on the ‘A’ side (V.a, V.4) or the ‘C’ side (V.c,
V.c); the location of this connection will change the impedance of the load to each module.

In terms of metrology, each module has a high-bandwidth 10 mQ current viewing resistor (CVR) on its source
terminal to measure the isolated current through that path. In general, there are four distinct measurements: a
gate-source voltage on the high side of each module (Vss.us), a gate-source voltage on the low side of each
module (Ves.is), @ drain-source voltage on the high side (Vps.us), a drain-source voltage on the low side (Vps.s),
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Figure 6: Paralleling study test circuit diagram

and a drain-source current through each module (lps). For the Vgs and Ips measurements, a unique measurement
exists for each module (A, B, C) and is denoted as such in the diagram. The Vps measurements differ slightly as
they should be identical for each module. However, on the PCB, Vps can be measured on the far left of the PCB
(by A) or on the far right of the PCB (by C). By default, Vos is measured by module A unless otherwise specified.
All measurements follow the procedures and recommendations described in PRD-08333.

A picture of the assembled PCB is shown in Figure 7 and Figure 8. In Figure 7, each screw terminal represents a
location that the load inductor can be attached to and is labeled according to Figure 6. The board uses twelve
1.1 kV 40 pF capacitors (for a total of 480 uF) and no decoupling capacitors. The CVRs are 5 mQ T&M Research®
W-2-005-2FC, but modified to be 10 mQ and with the insulator cut. The Vps measurement test points can be
found on the left and right sides of the board. Figure 8 shows the system in a measurement rack in the Figure 6
configuration. The load inductor is attached to Lg, the RR inductor connection is attached to V., and the DPT
inductor connection is attached to V.. (a relay is used to automatically connect and disconnect these inductors
to switch between DPT and RR tests). Each XM module is driven by its own independent CGD12HBXMP gate
driver. A single CGD12HBOO0D differential transceiver board provides the power and logic signals to the three
gate drives; the twisted-pair ribbon cable from this transceiver board connects to each gate driver from Ato B
to C sequentially, shown in Figure 9. This configuration will cause a non-insignificant propagation delay

difference between the gate drivers of each module.
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Ribbon cables provide gating logic signals from a single source with a
series connection from module A to B to C

!
Figure 9: Ribbon cable (logic signal) connections to gate drivers

3.2 Short Circuit Configuration

During operation, failures in the system may cause the MOSFETSs to be subjected to the entire bus voltage while
biased ON. Such a condition is called a short-circuit event [5], [6]. The high-power loss in the MOSFET during
this condition causes the device to heat up rapidly, such that material failures can occur within several
microseconds. Gate drivers are often designed with short-circuit protection circuits that can turn off the device
when such a fault is detected. This document will demonstrate how current mismatch can manifest in short-
circuit conditions, and how short-circuit protection circuits are still effective when applied to paralleled
modules.

The test circuit in Figure 6 can be adapted to perform short-circuit testing by replacing the load inductor with a
shorting wire. In this testing, the shorting wire is connected across the high side of the modules between Mid
and V+. During testing, the high side switches are held OFF. To initiate the testing sequence, the low side
switches are turned ON. This creates a fault-under-load condition where the bus voltage falls across the low
side switch while turned ON. See PRD-08296 for more information on short circuit fault types. All other
equipment and metrology connections remain the same as for the DPT/RR testing.

A picture of an example short circuit test setup is shown in Figure 10. For this configuration, the shorting wire is
connected from Lg to Via. The CGD12HBXMP gate driver includes a DESAT overcurrent protection circuit with a
<1 s response time.
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Figure 10: Example short-circuit test configuration

4. Leveraging SPICE Simulation Models

SPICE simulation can be leveraged in conjunction with the empirical testing to evaluate various conditions and
mitigation techniques. Wolfspeed provides SPICE models of all its commercial modules. These models are
highly configurable for paralleling analysis. While SPICE models will not provide exact results, they are useful
for evaluating trends, estimating behavior, and evaluating mitigation techniques. These models can be used to
rapidly evaluate systems without the need for physical hardware.

Refer to PRD-07913 for detailed information on downloading and using the SPICE models. Wolfspeed’s video
series on SPICE models may also be helpful, found here and here. The SPICE models and these documents can
be downloaded from Wolfspeed’s website here. When used in LTspice, Wolfspeed’s module SPICE models can:

e Simulate efficiently in complex circuits [7]

e Accurately predict switching behavior due to employed dynamic tuning process [8]

e Have their internal characteristics (parasitic elements, Rpson, Vi, etc.) easily edited from the SpiceLine
e Predictjunction temperature with embedded Zr, characteristics

The Wolfspeed CAB450M12XM3 SPICE model will be used to demonstrate trends and evaluate parasitic effects.
An example double pulse test circuit with two modules added in parallel is shown in Figure 11. In this example,
the threshold voltage parameter, ‘Vths’, is changed for modules B and C. Here, setting Vths to a positive value
increases the threshold voltage of the module by that value. In the simulated drain currentsin Figure 11, module
A (which has the lowest V) turns on first and is subject to more current than B and C. These results follow the
expected trends of Vryimbalance in paralleled SiC MOSFETs [9].
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Figure 11: Example LTspice simulation setup with Vzyimbalance
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5. General Paralleling Guidelines

This section provides a brief overview of the recommendations for paralleling power modules in designs. Some
of these guidelines are discussed in more detail throughout later sections. Designing any power electronics
system requires attention to detail of the system layout and gate driver configuration for various reasons -
electromagnetic interference, crosstalk, stability, current sharing, manufacturability, etc. This document
primarily focuses on the thermal influences of paralleling modules, but of course it is important to continue
considering the fundamentals of power electronics design.

5.1 Gate Driver Design

The gate driver design should be carefully considered during the design process of a SiC application [10] - [13].
Wolfspeed provides design files for reference gate driver designs to assist with new designs. Some general
specifications to consider when researching gate drivers are:

e Asupply voltage with both positive and negative Vs
e Common-mode transient immunity of 100 kV/us and above
e Insulation voltages at or above the working voltage of the application
o Sufficient current driving capability
e Propagation delay and variability
e Active Miller clamp
e Short-circuit protection
More information on these considerations are discussed here.

There are three approaches for implementing gate drivers in paralleled applications shown in Figure 12. The
first method uses a common gate driver directly connected to each paralleled switch position. The second
method uses a single gate driver, but an additional buffer stage is added at the gate/kelvin-source of each
module. The third uses an individual gate driver for each module switch position. Each implementation has its
own advantages and drawbacks that should be considered for a design.

Common Gate Driver
The common gate driver approach is inexpensive and inherently provides an identical input to each device in

parallel. When implemented properly, this approach offers the best dynamic current balancing. If it is possible
to implement a common gate driver approach effectively in a design, it is recommended. However:

e It is important to ensure that the gate driver can provide the necessary current for the devices; each
added device will require additional current during turn-on and turn-off events.

e Adding parallel devices may change the switching speed of the entire system

o Differences in stray inductance and slew rates (di/dt) in paralleled devices can cause a voltage
differential between the kelvins of each module. This will then induce a current to flow between the
module kelvins [12] which can affect the gate drive voltages of each device and present stability issues
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e Routing to each module while following proper layout guidelines (minimized coupling to the power
loop, minimized parasitic inductance) can be challenging.

e Implementing protection circuits becomes more complex.

e The gate loop inductance will be inherently large because of the necessary routing between the gate
driver and each module.

Common Gate Driver with Additional Buffer Stages
Adding additional buffer stages at the gate-kelvin of each module alleviates some of the disadvantages of the

common gate driver approach:

e The gate loop inductance is defined between the buffer stage and the module; thus, the gate loop
inductance can be decreased significantly and better matched between modules with the additional
buffer stage.

e Each buffer can supply the gate drive current to each switch and provide higher drive strength (faster
switching) to each device.

This method does introduce minor complexities, such imbalances between the characteristics of the buffers
themselves. Dynamic imbalance will be worsened by the introduction of asymmetric gate driver parts.

Multiple Gate Drivers
The multiple gate driver approach incurs additional cost and requires that the propagation delay and other

characteristics of the gate drivers be matched. Imbalance will be worsened by asymmetric gate driver behavior.
However, it alleviates some complexity and offers a more robust solution. Below are some advantages and
disadvantages to this approach:

e The gate driver can be designed for a single module, then copied for each device (easier design)
e Adding additional devices in parallel does not change the switching speed of each individual device

e Protection circuits can be easily implemented on a per-module basis. A system may still operate at
reduced capacity if one device fails (additional redundancy)

e Easier servicing of damaged components by replacing a single module/gate driver

e The kelvin of each module is isolated, and stray currents cannot flow between them (this alleviates
effects caused by parasitic mismatch)

For all implementations, ensure that the gate resistance is added directly at the module pins. This will reduce
the current flow into each gate caused by crosstalk between devices or coupling from the power loop. Itis highly
recommended to include resistance on the kelvin of each device; allocating 2/3 of the total resistance to the
gate and 1/3 of the resistance to the kelvin is recommended (using a constant 1 Q on the kelvin is also sufficient).
For designs using a 0 Q gate resistance, evaluate the system thoroughly to ensure that its operation is stable at
high load conditions. In general, when evaluating the gate driver, measure the gate-source voltage directly at
the G-K terminals of the module, and use an optically isolated voltage probe with high common-mode rejection
ratio.

PRD-08911 REV. 1, January 2025 Considerations for Current Balancing in Paralleled SiC Power Modules

© 2025 Wolfspeed, Inc. All rights reserved. Wolfspeed® and the Wolfstreak logo are registered trademarks and the Wolfspeed logo is a trademark of 16
Wolfspeed, Inc. Other trademarks, products, and company names are the property of their respective owners and do not imply specific product

and/or vendor endorsement, sponsorship, or association. This document is provided for informational purposes only and is not a warranty or a

specification. For product specifications, please see the data sheets at www.wolfspeed.com.



N
Wolfspeed.

Parasitic elements in the layout can affect the system’s performance. The parasitic inductances (L1, Lk, Loz, and
Lk>) should be minimized and matched between paralleled devices to prevent asymmetric driving currents,
minimize voltage overshoots, and improve stability at the die. Capacitance between the power loop and the
gate loop should be minimized as much as possible. Voltage transients can couple from the power loop to the
gate loop across this parasitic capacitance and affect switching behavior and stability. If this parasitic is
mismatched across devices, the switching speed of the devices can become asymmetric and contribute to
imbalance.
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Figure 12: Common gate driver and multiple gate drivers solutions
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5.2 Power Layout Design
Designing the power loop for parallel modules requires optimizing for symmetry between devices. For example:

Ensuring that the stray inductance from each module to the decoupling and bus capacitors are identical

Minimizing any coupling between the power and gate loops. Physical separation between the gate and
power layout is recommended. If the power and gate loops are on the same PCB, do not overlap traces.
Symmetric layout ensures that any coupling in the system is the same between paralleled devices.

Ensuring load impedance matching and implementing mitigation techniques. In traditional power
electronics design, connections to the midpoint of the module are often assumed to be unimportant
because of the high impedance of the load. However, when paralleling devices, the switch positions of
the power modules are placed directly in parallel and do not include the load, as shown in Figure 13.
Thus, any mismatch between these loops will result in asymmetric current flow during dynamic events.
Even small nH imbalances can result in significant imbalance. General intuition suggests directly
connecting the midpoint terminals together with a bus bar; however, this may still result in a poorly
matched system. Alternative approaches involve terminating the midpoints at the load (for example,
connecting each midpoint to a motor using individual matched cables). Refer to section 8.2 for more
detail on how this can be implemented for different topologies.

Minimize potential module parameter mismatch by following the procedures outlined in 6.2. Ensure
that all other components (gate drivers) are matched. Symmetry is the key to successful design.
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Figure 13: CIL circuit showing current divider between paralleled modules during turn-on
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5.3 Cooling Design

The temperature of a device is dependent on both the power loss and the heat dissipation to the environment.

Two modules with identical current flow can operate at different temperatures if one module is able to dissipate
its heat more efficiently. Below are some recommendations.

For flat baseplate modules, ensure a consistent and proper application of the thermal interface material
(TIM) to each module. The TIM constitutes a non-negligible portion of thermal resistance in the system.
PRD-07933 and_PRD-08376 are useful resources on this topic. Modules with a pre-applied TIM
application are available for some modules, which have improved consistency. When available, pin-fin
modules provide the best thermal performance and matching between devices because TIM is not
required. In addition, these modules are not susceptible to any pump-out or dry-out related failures

caused by temperature cycling of TIMs.

Ensure that the heat sink is at a uniform temperature for the paralleled devices. For example, consider
the cooling flow in Figure 14 for three paralleled modules. As the coolant flows across each device, it
will absorb energy and increase in temperature. As it exits the heatsink, it is at a slightly higher
temperature than at the inlet, decreasing the potential cooling for the module on the right. This can be
minimized by increasing the flow rate, increasing the thermal mass of the coolant (more volume), or
adjusting the direction of flow in the heatsink.

Add adequate spacing to the center module. The module in the center of the heatsink will have less
available space to dissipate its heat, as it must share a portion of the heatsink with the surrounding
modules. However, the modules on the edge of the heat sink have open edges to dissipate their heat.
This is known as cross-heating, where the center device operates at a higher temperature than the edge
devices. If the center device is crowded by the edge devices, it can cause the temperature imbalance to
increase.

Module Module Module

Figure 14: Non-uniform cooling sequence applied to paralleled modules
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5.4 Evaluating Mismatch in Realized Systems

Quantifying the effects of imbalance during dynamic switching can be challenging because of the number of
variables involved. Simulation can be useful for evaluating trends but is not practical for predicting exact
system behavior because of the complexity of both the device behavior and the system parasitics. Evaluating
an empirical setup can be useful, but this comes with the challenges of accurately measuring the signals with
high bandwidth probes. In addition, for realized applications, it is notoriously difficult to measure the drain-
source current of devices at high bandwidth, as measuring these signals requires inserting a shunt into the
current path (example: the 10 mQ bar shunts in Figure 7), choking the signal to a small cross-sectional area
(current transformers), or have insufficient bandwidth (Rogowski coils). It is impractical for these devices to be
included in final designs, and their insertion into the system can change the behavior. Another challenge is that
switching can occur at various conditions - gate resistance, load current, bus voltage, etc. - which can affect
dynamic current sharing, expanding the requirements for analysis.

A useful method for evaluating mismatch in a fully realized system is to probe the load current out of the
midpoint of each module. There is a correlation between the mismatched dynamic current between modules
and the resulting steady-state load current (section 8.2 [22]). Thus, a well-matched load current indicates well-
matched current sharing between modules. In addition, because the bandwidth requirements are lower (and
the load is often a cable), methods such as Rogowski coils can be used for this measurement.
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6. Understanding Module Parameter Mismatch

During normal operation, the sources of loss within a MOSFET can be distinguished into two categories:
conduction and switching losses (see Figure 15). Conduction losses occur when the device is fully biased ON
and is conducting current. Conduction losses are sensitive to the Rpson 0f the MOSFET and the magnitude of the
current flow through the device; higher operating current will exacerbate any imbalances associated with
conduction losses. Switching losses occur when the device transitions between the OFF and ON states and are
sensitive to many of the operating parameters of the system - voltage, current, gate resistance, switching
frequency, etc. - along with the dynamic parameters of the device itself. These parametersinclude internal gate
resistance, device capacitances, and threshold voltage. Roson and Vi are generally recognized as being the most
critical parameter for current sharing performance in paralleled systems [9], [15]. When scrutinizing these
characteristics, it’s important to consider the end application. For example, a circuit breaker application, which
relies almost entirely on DC current conduction of the switch, would be sensitive to Rpson and not Vs However,
a DC-DC application switching at 40 kHz may be highly sensitive to Vs, but not to Rpson.

The influence of Rpson and Vry mismatch between modules is shown in Figure 16. In Figure 16 (a), the device
with lower Rpson Will conduct more of the total current and have higher losses. Discrepancies in power
dissipation between paralleled devices for conduction losses is easy to calculate, as it only depends on the Rps on
of each part and the total current of the system. In this example, the device with lower Rpson has 28.7 % more
conduction losses than the other paralleled device.

/N N\

I | I 4
Paw Al Vosxlp | | |
| | _ Switching Loss ~_| |
| 1 T/
I | | I
I | Conduction Loss | I
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Figure 15: Distinction between conduction and switching loss
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Figure 16: Influence of parameter mismatch on losses for (a) Roson and (b) Vi

In Figure 16 (b), the device with lower V1 will conduct more current during the transitions between the OFF and
ON states. In this example, the devices are transitioning from OFF to ON and each currently have a Vs bias of 3
V. However, while Q1 has a Vs of 2.5 V and will start conducting current, Q2 is still in its blocking state. Thus,
during this time, Q1 will be subject to power losses while Q2 is not. In addition, even once both devices start
conducting, Q1 will be further along its transconductance curve and continue to conduct more current
throughout the entire switching event. The magnitude of losses due to Vryare much harder to calculate than
Roson because it depends on the layout, gate driver, bus voltage, current, gate resistance, switching frequency,
and the other dynamic characteristics of the device.

A major difference between Rpson and Vryis how these parameters change with temperature. Figure 17 shows
the relationship of Roson and Vi across temperature for a single CAB450M12XM3 power module. Between 25°C
and 175°C, Rpson consistently increases, while Vry consistently decreases. This trend can be observed by
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Figure 17: Rps,on and Vi trends for SiC MOSFETs across temperature
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Figure 18: CAB450M12XM3 transfer characteristic comparison at 25°C and 175°C for Vps =2V

comparing the 25°C and 175°C transfer characteristics of the device, shown in Figure 18. At low V¢s (between 2.5
V and 10 V), the device conducts more current at 175°C due to the lower threshold voltage. However, at Vs

biases above 10V, the device conducts more current at 25°C due to the lower Rpson. This concept is important

for understanding how these parameters will affect the device temperature when switched continuously in an
application. The characteristics of Roson across temperature creates a negative feedback loop between power

dissipation and device temperature (with regards to paralleling), as shown in Figure 19. Effectively, a device

with lower Rpson Will conduct more current than the other parallel devices and increase in temperature. This

temperature increase causes an increase in Rpson, which then reduces the imbalance relative to other devices.
Eventually, the system will reach equilibrium when the Rpson of the parallel devices are matched at a certain

Device temperature
increases faster relative

to other devices

temperature.
Relationship between Rps oy and temperature
creates negative feedback loop
Device with lower Rps on
has higher losses
Rops,on is not matched
System reaches Rps,on increases with
equilibrium higher temperature

Rps,on is matched

Figure 19: Negative feedback loop between Roson imbalance and die temperature
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Relationship between V1, and temperature creates
positive feedback loop

Device with lower Viy

has higher losses .
& to other devices

V4 decreases with
higher temperature

Figure 20: Positive feedback loop between Vry imbalance and die temperature

On the other hand, V1, creates a positive feedback loop between power dissipation and device temperature, as

Device temperature
increases faster relative

shown in Figure 20. Here, the device with lower Vry will have higher losses and increase in temperature relative

to the other die. However, this will cause the V4 to further decrease, and cause the power dissipation imbalance
toincrease further, and so on. This feedback loop will continue until other balancing mechanisms stabilize the
system. This positive feedback loop between Vry and temperature exacerbates the parameter’s influence on

current sharing.

6.1 Other Parameters

The dynamic behavior of a SiC MOSFET is complicated SiC MOSFET
and is dependent on many parameters. In this

*C

document, V, is the noted as the most important, as is
also agreed with heavily in the literature [13] - [24]. The Cep
parameter is highly influential and easy to measure.

|
|
T+T

However, other characteristics can also affect G IVV\v —
switching speed and dynamic current sharing. Figure _L

21 shows the most important of these parameters CosI

(device capacitances and internal gate resistance). In ®
general, an increase in any of these parameters will

cause the device to switch slower. §

6.2 Tips for Matching Modules

Matching the characteristics between paralleled

Figure 21: General structure of SiC MOSFET

modules can help mitigate current imbalance. There are several approaches to improve matching between

modules described below.
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Lot Matching: It is recommended that modules from the same “lot” should be placed in parallel. The lot
describes a group of semiconductor chips manufactured at the same time under identical processes
and will have similar characteristics. The lot can be identified by the serial number marked on an
individual module. For example, two CAB450M12XM3 power modules marked H2119-N041 and H2119-
N054 are from the same lot (H2119), as indicated by the alpha-numeric sequence before the hyphen.

Time Matching: If modules across lots are mixed in parallel, it is important to ensure that the difference
in manufacturing date is minimized. For example, two modules manufactured several years apart have
a higher chance of parameter mismatch than modules manufactured within the same month due to
variations in fabrication processes.

Binning: Binning describes the process of characterizing modules and placing similar devices together
in parallel. This process greatly reduces the potential mismatch between devices but adds complexity
to the system manufacturing process.

High-side/Low-side Matching: When paralleling modules, imbalance can exist both between paralleled
high-side and low-side switch positions. The high-side and low-side switch positions of modules will
have similar characteristics due to their proximity in the assembly process. Thus, it is acceptable to
apply a binning process across a single switch position
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7. Estimating Temperature Imbalance Caused by Ros,on Mismatch

The effect of Rpson On temperature imbalance during operation is simple to estimate because losses can be
calculated knowing the resistance of each module and the load current of the system. However, there are levels
of complexity that can be considered. This document will discuss three methods for predicting temperature
imbalance caused by Rpson differences between modules. The first is a simple analytical calculation method
that only uses a single Roson value for each device. The second is an iterative analytical method that considers
the temperature dependence of Rpson for each device. The third is to leverage simulation that considers the
more nuanced behavior regarding current sharing.

Option 1: Simple Analytical Calculation Method
Consider the simple circuitin Figure 22. Each resistor represents lLoad ll

the on-state resistance of a module switch position at a

particular temperature. To determine the current through each Rosi] Rosz2l Rossl  Rosn
resistor, first determine the equivalent resistance, R.q, of the |1l |zl Isl coe lln
network per equation ( 1 ). Then, use the known total load

current and each individual resistor value to calculate each

current per equation ( 2 ). The conduction losses can then be i |

calculated per equation ( 3 ). These formulas can be adjusted Figure 22: Equivalent circuit for n parallel
based on the application, but it is important to be careful in modules

converting the load current to the correct RMS value for the

power calculation. For example, in a DC-DC converter system with 50% duty cycle switching at 400 A peak, the
RMS current would be 400 * \/@ * 0.5. Finally, use equation (4 ) to determine the steady-state temperature
of the device. Here, Ry c is the thermal resistance from the MOSFET junction to the case, Rrusa is the thermal
resistance from the case to the coolant (or ambient air), and Tambient is the temperature of the coolant (or
ambient air). Purus represents the average power loss during continuous operation. For example, for a buck
converter with a 50 % duty cycle, P, would be multiplied by 0.5 to get Pnays.

1
Reg=——5—
1 RDSn
_ (Tioaa * Req) (2)
n RDSn
P, = IZ pus * Rpsn (3)
T]Tl = Pn * (RTH,]C + RTH'SA) + TAmbient (4)

Consider the CAB450M12XM3 as an example. Figure 23 shows the relevant characteristics from the datasheet
that are needed for these equations. First is the on-state resistance of the part, which for this module is provided
as a typical of 2.6 mQ and a max of 3.4 mQ at 25°C. Second is the Ry c of the module, which is 0.094 °C/W.
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Drain-Source On-State Resistance Rosica - 34 _— Ves=15V,1p=450A Fig.2
on F. . 3

REEREET oo 4.7 Ves=15V, 1p=450A, Ty =175°C | '©

FET Thermal Resistance, Junction to Case Rinc 0.094 °C/W Fig. 17

Figure 23: CAB450M12XM3 relevant datasheet parameters

Next, assume some operating conditions: a buck converter with two modules in parallel, 50 % duty cycle, 900 A
total load current, a coolant temperature of 25°C, and an Ry s 0f 0.1 °C/W. To determine the worst-case spread,
one module is defined as 2.6 mQ and the other at 3.4 mQ. The below equations show the computation process
to use these datasheet parameters and operating conditions to calculate the T, of each module. For these
conditions, the 2.6 mQ module has an expected T, of 90.6°C, and the 3.4 mQ module has an expected T, of
75.2°C. Recall that the results of these calculations will be more pessimistic than reality due to ignoring factors
such as the change of Rps on Over temperature.

1
Req = ﬁ - 1.4733 mf (5)
2.6m  3.4m
(900 * 1.4733m)
I = 510 A 6
1 2.6m - (6)
(900 * 1.4733m)
= 390 A 7
2 3.4m - (7)
P, = (510 * V2 % 0.5)? * 2.6m — 338.13 W (8)
P, = (390 * V2 % 0.5% * 3.4m — 258.57 W (9)
T); = 338.13 * (0.094 + 0.1) + 25 — 90.6°C (10)
Tj, = 258.57 * (0.094 + 0.1) + 25 - 75.16°C (11)

Option 2: Iterative Calculation Method
The simple calculation method will underestimate the average temperature of the modules and overestimate

the difference in temperature between them. A more advanced approach is to consider the change of Rpson
across temperature and use an iterative approach to solve for the final temperatures. To begin, first find the
normalized On-State Resistance vs. Junction Temperature plot in the Wolfspeed datasheet. The datasheet
figure for the CAB450M12XM3 is shown in Figure 24. Next, use a web-plot digitizer (example) to extract some
data points from the curve. Optionally, the package resistance of the module (also shown in Figure 24) can be
used to further improve the accuracy of the calculations (consider: the package resistance will change the
overall current flow through each module but will not be dissipated as heat in the junction). If including the
package resistance, simply modify equation (1) to equation ( 12 ) below.
1
Req = ) (12)

L RDSn + Rpackage
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Package Resistance, M2 (Low-Side) R, 0.63

Figure 24: Additional datasheet information necessary to perform the iterative calculation method

The iterative method can be performed by the following sequence:

1. Extract the normalized p.u. Rpson from the datasheet and multiply the results by the 25°C Rpson

2. Use a curve fit to improve granularity of the extracted data. A 3™ order polynomial works well.

3. Define the offsets for each module in parallel (for example: two modules, +0 mQ and +0.8 mQ)

4, Start the iterative process by assuming that all die are at the starting coolant temperature. Use the
temperature of each module and the polynomial curve fit to determine the resistance of each module.

5. Add the offsets from step 3 to each calculated resistance

6. Useequations(1)-(5) (and(12)if necessary) to solve for the temperature of each die

7. Repeat steps 4 - 6 until the temperature change of each die decreases to a desired tolerance.

5

T T
—@— Extracted Datasheet Data
- = = Polynomial Fit
45 |
c 4 L
E
1%}
0 35 |
1
3L
25 I I
-50 -25 0 25 50 75 100 125 150 175

T, o)

Figure 25: Polynomial fit of datasheet Rps,on for a CAB450M12XM3 power module
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This iterative approach was applied to the same conditions used for the simple calculation example. The
polynomial fit of the digitized datasheet data for the CAB450M12XM3 power module is shown in Figure 25. The
calculated temperature of both die at each iteration is shown in Figure 26. The method was calculated for two
cases: one considering the package resistance, and one ignoring it. The final T, of each die without the package
resistance is 99.2°C and 86.7°C, while the final T, of each die considering the package resistance is 97.4°C and
88.2°C - a modest difference. The average temperature of the die calculated using this result is higher than the
simpler method, but the AT,is much smaller - about 9°C, compared to the 15°C calculated previously.

MATLAB code for performing this iterative process described herein is provided on the following page.

100

R ———— === = == === = = = == ==
80 _
€ e J
-
|_
40 +0mQ (with package R)
+0.8mQ Rds (with package R) ]
= = =+0mQ (no package R)
+0.8mQ Rds (no package R)
20 | | | | |
1 2 3 4 5 6 7
Iteration

Figure 26: Junction temperature of parallel modules using iterative method
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clear currTj saveTj

% Definitions

Rds_25C = 2.6e-3; % Rds(on) at 25C, from datasheet

R_Package = 0.63e-3; % Package resistance of analyzed switch

R_Offset = [0 0.8e-3]; % Rds(on) offset of each die. Make array larger

% Define system parameters

Rth = 0.094; % Thermal resistance from junction to case, C/W

Rsa = 0.1; % Thermal resistance from sink to coolant/ambient, C/W
Tjf = 25; % Coolant/ambient temp

duty = 0.5; % Duty cycle

Iload = 900; % Load current

% Digitized Data from Normalized On-Resistance Datasheet Plot
xdata = [-39.73, -0.209, 25.03, 49.93, 74.83, 100.24, 124.79, 150.034, 174.93];
ydata = [1.049, ©.99, 1.00, 1.04, 1.12, 1.23, 1.38, 1.56, 1.79];

% Convert p.u. Rds to actual Rds
ydata = ydata.*Rds_25C;

% Create polynomial fit
p = polyfit(xdata,ydata,3);

% Create new x data with more resolution
newx = [-50:1:175];

% Plot data and polynomial fit to validate

f = figure;

hold on

grid on

box on

xlabel('T_J (°C)")

ylabel('R_{DS} (m\Omega)")

plot(xdata,le3.*ydata, 'linewidth',2,'color',[59 65 132]./255)
plot(newx,le3.*polyval(p,newx), 'linewidth',2,"'color',[1 206 230]./255, 'linestyle’',"'- -")
set(gca, 'FontName', 'Source Sans Pro', 'FontSize',13)
legend('Raw Data', 'Polynomial Fit','location', 'nw")

% Define variables to prepare for iterating
currTj(1:1ength(R_Offset)) = Tjf;

saveTj = currTj;

tol = 0.1;

err = inf;

% Begin iterating until specified tolerance is reached
while err > tol
R = R_Package + polyval(p,min(currTj,175)) + R_Offset; % Calculate resistances & add offset
Req = 1/(sum(1./R)); % Calculate equivalent resistance of network
I = Iload.*(Req./R); % Calculate current through each Rds(on)
Pwr = duty.*I.”~2.*(R-R_Package); % Caclulate power of each Rds(on)
currTj = Tjf + Pwr.*(Rth+Rsa); % Determine new temperature
err = sum(currTj - saveTj(end,:)); % Determine change from last iteration
saveTj(end+1,:) = currTj; % Store Tj in a save variable
end

% Final temperature of each die are stored in variable currTj
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Option 3: Simulation Method
The last option discussed is to use SPICE simulation to determine the temperature imbalance. Refer to Section

3 for information on getting started with Wolfspeed SPICE models. Simulation offers the highest level of
granularity and accuracy, does not require pulling information off the datasheet, and is simple to set up. Figure
27 shows an example circuit for paralleling the low side position of two CAB450M12XM3 power modules under
a constant current condition. The unused temperature ports are connected to ground to disable them, the V+
node is connected to ground with a 1 GQ resistor to prevent any current flow while removing floating nodes,
and the G1/K1 pins are shorted together. The G2/K2 pins are connected to a 15 V voltage source. The TjQ2 pins
are used to monitor the junction temperature of each module. The Tc2 pins are connected to their own cooling
network. The 0.1 Q resistors represent the Rrusa parameter, and the 25°C voltage source represents the
coolant/ambient temperature. Note that the Ry c characteristics are embedded within the thermal network of
the module, so do not need to be included here. Finally, the current source injection into the model is handled
with a voltage source in series with the diode. The diode has a specified current limit parameter that is used to
limit the current into the modules. Vsource is set to an arbitrarily high voltage such that it will source up to the
diode’s current limit. Effectively, the current from Vsource will always be set to the ‘lload’ parameter. This
method is preferred over a simple current source, which causes issues with the DC solver.

The system was configured to match the conditions specified in the prior two methods. The load current was
set to 636.4 A (Igys = 900 /2 * 0.5 - 636.4 A) to match the pulsed 50 % duty cycle condition with a DC
signal. In the Spiceline2 of M1 (alt+right click the symbol), ‘Rdss = 0.8m’ was added to increase the on-state
resistance of the module by 0.8 mQ. The results of the simulation are shown in Figure 28. The top subplot shows

Low-side Analysis Cooling
glﬁ glﬁ
M1 V+| CAB450M12XM3| M 2 V+| CAB450M12XM3
- oz > ] oz |5 2 g
61 H,; mor > 61 H,: et >
Te1 > Ta1 >

Rsa_M1 Rsa_M2
K1 K1 0.1 0.1

Mid Mid

Vcoolant_M1 Vcoolant_M2
— —
1 Tc2 —HS1 o} Tc2 —HS2
Vgs_M1 G2 Vgs M2 25 25
— [ - gs_ G2 —
TiQ2 —TjQ2_M1 TiQ2 —TjQ2_M2
K2 Tipz2 —{» K2 Tipz2 >
15 15
V- Baseplate V- Baseplate
N w7
param Toad = 636.4 Current Source
c
D1
diim Voltage source provides better convergence behavior than a current source.
Vsource Current is imited by diode, defined by 'Tload’
100
.model dlim d ron = 1m roff = 1meg vfwd = 1m vrev=1k epsilon=0.1 revepsilon=1 ilimit={Tload} .tran 0.5

Figure 27: Simple LTspice circuit for paralleling DC current through two CAB450M12XM3 power modules
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Figure 28: Junction temperature of parallel modules using LTspice simulation

the temperature of the die, while the bottom subplot shows the current through each module. The final
temperature of the simulation is 98.2°C and 90.2°C - these results are very similar to the iterative method
discussed previously. One interesting feature is the change in current through each module as the temperature
in each junction increases; initially, module 2 carries 65 A more current than module 1. However, by the end of
the simulation, the difference in current between each module is only 49 A. This is caused by the feedback loop
discussed in Figure 59.

7.1.1 Conduction Analysis Caveats

It’s important to note that this analysis of the conduction losses has assumed that the modules are in a perfect
system in steady-state operation. However, layout asymmetries and dynamic mismatch can cause additional
mismatch during the on-state condition of the devices. These effects can manifest in several ways. For example,
differences in DC resistance of the bussing connections between modules can influence the current sharing,
especially for modules with a very small Rpson. Adding @ 0.5 mQ DC resistance to the midpoint connection of M1
in the prior simulation example changes the temperatures of M1 and M2 to 105°C and 85°C, respectively. In
addition, poor layout can cause long-duration dynamic mismatch that persists well into the on-state behavior
of the device; these effects and how to mitigate them are discussed in Section 8.2.
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7.1.2 Conduction Distribution Analysis

Analytical Method

For designs that must be translated to high volume commercial products, it can be necessary to create a
distribution of module performance that would be expected in the field. The information from this distribution
can be used to design margin into the system to ensure that a minimum percentage of commercial units meet
specifications. The general procedure for performing this analysis is as follows:

1. Generate a normalized distribution of module parameters from production test data
2. Select n modules at random (based on number in parallel) from this distribution

3. Use analytical calculations, simulations, or measurement lookups to determine the current through
and subsequent temperature of each module based on the given conditions

4. The results can be displayed as a normalized distribution with the variation of junction temperature
being used as an input to the design process

A notional distribution of Rpson for CAB450M12XM3 power modules is provided in Figure 29. Steps 2 - 4 were
applied using this distribution and the iterative calculation method discussed in the previous section. Figure 30
shows the resulting distribution of temperature for various conditions. The left plots describe the average
temperature of the modules, and the right plots describe the temperature difference between the hottest and
coldest module. Fortwo modules in parallel with a total load current of 800 A, the mean temperature is centered
around 69°C with a range of +/- 5°C. For the temperature differentials, most configurations lie below a 2°C
difference, with a maximum of 6°C. As the current is increased to 1000 A, the mean temperature increases to
around 103°C, and the max temperate delta is around 8°C. Increasing the number of modules in parallel (while
keeping the load current per module the same) yields the same mean temperature but has two additional
effects: 1) the span of the mean temperature decreases, and 2) the average temperature delta between modules
increases. This result is intuitive as adding additional modules will have two affects, 1) the average Rpson 0f the
four modules is more likely to be centered around the Rpson distribution, and 2) having more modules in parallel
increases the probability that modules with different Rpson Will be in the system.

250 T T T T T T T T T

200

150

100

# Modules

50

ARDS (mQ)
Figure 29: Notional Rpson distribution of a CAB450M12XM3 power module at 25°C
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Figure 30: Example temperature distributions for CAB450M12XM3 power modules for a given Rpson
distribution

Simulation Method
Distribution analysis can also be performed in LTspice with a Monte-Carlo-style simulation. Any parameter can

be defined with the gauss() function in LTspice, and LTspice will randomly select a parameter value based on a
normal distribution for the given tolerance. The simulation can then be rerun multiple times to understand the
bounds of behavior of the system. A screenshot of the DC paralleling circuit modified for Monte-Carlo analysis
is shown in Figure 31. The Spiceline2 field of M1 and M2 were modified to include the following line:

For module M1: Rdss=Rdss_M1

For module M2: Rdss=Rdss_M2
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Several resistances (R1-R4) have also been added to the circuit to demonstrate how system parameters can be
swept in this analysis simultaneously. All of these parameters are defined in the bottom-right of Figure 31. The
syntax for each statement is given by

.param <var>=a*(1+gauss(b/3)).

Here, a is the mean value of the parameter, and b defines the tolerance. The integer 3 denotes a 3-sigma
tolerance. When an LTspice simulation is called, this .param statement will be executed and use arandom value
for that variable given by the normal distribution specified by the provided function. (Note: alternatively, the
mc(val,tol) function can be used, but this produces a uniform distribution).

So, for example, consider the below line with a mean of 0.5 mQ and a standard deviation of 0.1mQ.

.param R1 =0.5e-3*(1+gauss(0.5/3))

Or the line for Rdss, which will have a mean of 0 mQ and a standard deviation of 0.13 mQ (matching Figure 29).
.param Rdss_M1 = gauss(0.15/3)

Finally, in the bottom left of the simulation, several .MEAS statements are used to measure the average final
temperature of the modules, and the final temperature difference between the modules. The .step definition of
parameter ‘x’ has no effect on the simulation, but is used to have LTspice called * times.

Note: LTspice uses pre-determined random number generator; to randomize this generator across runs, go to
control panel -> Hacks! -> check “Use the clock to reseed the MC generator”
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§1G §IG
M1  V¢|CABasOMIXM3 M2 V| CABas0MIZXM3
- o
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.param Iload = 636.4

Gauss Params

In

.param Rdss_M1 =

gauss(0.15/3)
D1 .param Rdss_M2 =

gauss(0.15/3)
dlim . . .param R1 = 0.5e-3*(1+gauss(0.6/3))
Voltage source provides better convergence behavior than a current source. .param R2 = 0.5e-3*(1+gauss(0.6/3))
Vsource Current is limited by diode, defined by Tload' .param R3 = 0.5e-3*(1+gauss(0.6/3))
.param R4 = 0.5e-3*(1+gauss(0.6/3))

100

.model dlim d ron = 1m roff = 1meg vfwd = 1m vrev=1k epsilon=0.1 revepsilon=1 ilimit={Iload}.tran 0.5

.meas TRAN dTj AVG V(tjq2_m1)-V(tjq2_m2) FROM 450e-3 TO 475¢e-3
.meas TRAN avgTj AVG (V(tja2_m1)+V(tig2_m2))/2 FROM 450e-3 TO 475e-3
.step param x 0 100 1

Figure 31: LTspice conduction loss paralleling circuit modified for Monte-Carlo analysis
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The results of the Monte-Carlo SPICE simulation are shown in Figure 32. The top subplot shows the average
temperature, and the bottom subplot shows the difference in temperature between the two modules. Each
colored line represents a unique simulation with different parameter values defined for Rdss_M1, Rdss_M2, and
R1 - R4. A distinct advantage of the Monte-Carlo method is that it can include system-level parameters specific
to a design as part of the worst-case analysis for implementing margin. Here, for example, the worst-case AT,is
around 13°C, which is reasonably higher than the prior analysis that only considered the Rpson of the modules.

Note: to extract the .meas data from your simulation, press ctrl+L to open the log window, then right click and
press ‘Plot .step’ed .meas data.’ This will open a plot window in which all .meas results can be plotted and
exported for easy analysis in other software.
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Figure 32: LTspice conduction loss paralleling Monte-Carlo simulation results
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8. Understanding Current Imbalance During Switching

This section specifically discusses layout recommendations to improve dynamic current sharing. Please
refer to section 5 for general tips on system design with regards to paralleling.

For further reading on this topic, refer to references [9] - [24].

One challenge with understanding dynamic current imbalance is that the module characteristics and system
layout are convolved together. In general, an unoptimized system layout will cause poorly matched current
sharing and can greatly exacerbate the effects of mismatched module parameters. Thus, as will be discussed
herein, the first step in optimizing a paralleled system is to improve the layout; this can reduce the mismatch
sufficiently such that binning is not necessary to meet design requirements.

Quantifying the effects of imbalance during dynamic switching can be challenging because of the number of
variables involved. Simulation can be useful for evaluating trends but is not practical for predicting exact
system behavior because of the complexity of both the device behavior and the system parasitics. Evaluating
an empirical setup can be useful, but this comes with the challenges of accurately measuring the signals with
high bandwidth probes. In addition, for realized applications, it is notoriously difficult to measure the drain-
source current of devices at high bandwidth, as measuring these signals requires inserting a shunt into the
current path (example: the 10 mQ bar shunts in Figure 7), choking the signal to a small cross-sectional area
(current transformers), or have insufficient bandwidth (Rogowski coils). It is impractical for these devices to be
included in final designs, and their insertion into the system can change the behavior. Another challenge is that
switching can occur at various conditions - gate resistance, load current, bus voltage, etc. - which can affect
dynamic current sharing, expanding the requirements for analysis.

In general, the best approach for handing dynamic mismatch is to follow best practices to minimize it as much
as possible and include some margin in the design to account for any remaining mismatch. Measurements of
the load current of each module can be used to assess imbalance and is more practical to measure in realized
designs.

8.1 Testing Overview

The testing in this section utilizes the setup described in Section 3. Several CAB450M12XM3 power modules
were characterized on a Keysight® B1505A curve tracer to determine their characteristics at 25°C (Ros,on, Vrh,
etc.). These modules were then attached to the PCB in various configurations to mix and match module
parameters in different positions to observe how current is shared under each. For some tests, only two
modules were populated on phases A and C, and for others, all three positions were populated. This provides
varying degrees of complexity for analysis. Finally, for each configuration, the system was measured at different
voltages, gate resistances, and load currents, to understand their impacts.

8.2 Steady-State Imbalance Current (Load Impedance Matching)
It is often assumed that during pulse-width modulation (PWM) operation the current through parallel devices
will quickly reach steady state after each transient event, in which case the imbalance in current flow through
each switch will be caused only by the resistance of each parallel switch. However, as described in [22] and [24],
impedance mismatch between the power loops of each module creates an imbalance current with an extremely
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long time constant (1 - 100 ps). In a typical system, this imbalance current causes mismatched losses much
higher than would be expected.

Figure 33 (a) shows a notional CIL circuit with two parallel modules that highlights the cause of this imbalance
current. In this diagram, the low-side MOSFETs of each module are ON, and the high-side is OFF. Here, current
flows from the DC link capacitor, through the load inductor, then reaches a split path at the midpoint of each
module. The current then acquiesces at the source terminal of each module before returning to the DC link
capacitor. A simplified circuit of the split current path is shown in Figure 33 (b). The problem arises from the
diverging current paths at the midpoint of each module. The current will divide between the two modules based
on their impedance and does not include the load. The impedances in these paths are very small, such as the
nH stray inductance of the module terminals, the Rpson Of the MOSFETs, the contact resistance of the
connections, the impedance of the bussing, etc., so even a very small difference in impedance from these
parameters can result in a significant mismatch in how current will divide between the two modules.
Furthermore, this system is sensitive to the initial current through each switch position at each transient event;
this means that a difference in device characteristics (such as Vr) that can cause the current flow to be
asymmetric during the transient event, which then persists into the ON state even for a symmetric system. An
example empirical waveform of a DPT of two modules with only slightly mismatched Rpson is shown in Figure
34. Despite the modules being fairly matched, differences in the impedance between the load and each module
results in a mismatched current that persists across both ON periods of the DPT.

}
A C
ILoadJ g _|
he- B
H —
N Oty 1 —0
_— T Tz

Coc |J Current divider —
1 driven only by l
impedance of

module A and B

(a) (b)

Figure 33: CIL circuit demonstrating the fundamental source of steady-state imbalance current
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Figure 34: Example empirical DPT waveform showing mismatch during “steady state” regions

Itis beneficial to break down this conceptinto several examples to fully understand the implications. The below
DPT simulation circuit in Figure 35 is used to evaluate the following examples. The modules are attached
directly together at V+ and V-, and inductances La and Lc separate each midpoint to the load. To begin, each
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Figure 35: Parallel DPT circuit used for steady-state imbalance analysis
load inductor is set to 1 nH, which has a negligible effect on the simulation.

Scenario 1: Symmetric Impedance with Imbalanced Vy

First, it is important to understand that this is a system with nH inductance and mQ resistance - thus resulting
in a time constant in the us range (L/R). Conceptually, inductance resists changes in current, but these nH
inductances are so small that any perturbation can change their state easily. Consider the simulation result in
Figure 36. Here, the impedance of each module is identical (and La = Lc), but the V1 of module C is decreased
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Figure 36: Parallel DPT simulation result: mismatched Vrywith symmetric layout

by 0.7 Vin the simulation. At each turn-on event, the Vry imbalance causes module C to conduct a higher share
of the total current during the transient event (as expected). However, now the current through each module is
unbalanced, and it takes several us for the system to return to its true steady-state operation.

Implication: Even in a perfectly symmetric layout, differences in switching behavior between devices can
cause large imbalance currents that persist for several microseconds after a turn-on event.

Scenario 2: Asymmetric Impedance with Balanced Viu/Rps
The second scenario to consider is one where the paralleled modules have perfectly balanced parameters, but

an imbalanced load connection. In this example, an additional 10 nH is added to Lc. This level of imbalance is
entirely reasonable in an actual design, especially because the midpoint connection of power modules is
typically not optimized for low inductance (as itis generally in series with a large load). However, with paralleled
modules, a 10 nH difference represents a large difference in impedance. Example simulation waveforms for this

Ax(A:V-)

3604 Modules are identical

330A=
300a+ 10 nH added to Lc Initial conditions —

270A— ‘ are identical
240A-
210A-
180A=
150A=
120A=
90A=
60A=
30A=
0A= L
-30A T T T T T T T T T
Ops 2ps 4ps 6ps 8ps 10ps 12ps 14ps 16ps 18ps 20ps
Figure 37: Parallel DPT simulation result: matched module parameters with asymmetric layout
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condition are provided in Figure 37. Despite no differences in Vi or Roson, module A conducts more current than
module C during the ON state.

Implication: Extremely small changes in impedance from the load to each midpoint connection can result
in significant changes in current sharing, resulting in a high sensitivity between layout and performance.

Scenario 3: Asymmetric Impedance with Imbalanced V+/Rps
In a real system, both the module characteristics and impedance will be mismatched. This creates a complex

network that can ultimately result in poor matching between devices. Module parameters will affect initial
conditions, and the impedance mismatch will exacerbate the imbalance. An example simulation with Vi, Ros on,
and La/Lc mismatched is shown in Figure 38. The resulting current waveforms show imbalance both during
dynamic switching and during steady state. The layout imbalance will cause the switching and conduction loss
mismatch to worsen.
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280A=
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0A=
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Figure 38: Parallel DPT simulation result: mismatched module parameters with asymmetric layout
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Implication: An imbalanced layout compounds with module parameter mismatch and yields poor current
matching and performance.

8.2.1 Example DPT Waveforms

The effect of load impedance mismatch can be observed in empirical waveforms. Consider the three sets of
waveforms shown in Figure 39. Here, three modules are placed in parallel such as in Figure 7. The system is
identical in the three tests, except the location at which the load inductor is changed (La, Ls, and Lc). This will
change the inductance between the load inductor and each module. For example, connecting to La will result
in the lowest inductance to module A, and the highest inductance to module C. In Figure 39, when the inductor
is connected to La (top), the current through module A is significantly higher than through B or C. However, as
the load inductor is moved from Lx to Lg to Lc, the current through module A decreases and the current through
module C increases. When connected to L, the system is matched. This highlights the sensitivity of current
matching to the system layout. Note that being connected to Lc is not a general method for matching, but
simply offset other imbalances in this particular example.
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Figure 39: Empirical results comparing current balance between modules with different load impedances.
Each configuration uses the same modules in the same positions under the same conditions.
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8.2.2 Imbalance Evaluation Methods

An interesting consequence of this phenomenon is that dynamic mismatch causes steady-state current
mismatch. This means that a well matched steady-steady current through the load for each module correlates
to well-matched dynamics between the devices [22]. Thus, in a realized system where the drain current of
individual modules cannot be measured, a useful method to evaluate the dynamic matching is to measure the
load current at each module using lower bandwidth probes such as Rogowski coils (which are practical to
attach to most loads). A well-matched load current indicates well matched dynamics, and vice versa.

8.2.3 Mitigation Methods

There are several methods to mitigate this source of imbalance. One is to ensure that there is no imbalance
between the paralleled modules, but this is not practical nor effective due to scenario 1 described before.
Instead, a more practical approach is to add inductance to each midpoint of the system before attaching it to
the load or split the load to the midpoint of each module. An example of the former method if implemented
into a CIL circuit is shown in Figure 40. The Lins inductor here will typically be on the order of 1 - 30 pH. Adding
the inductor here has the following effects. First, any small nH-level layout differences between the modules
will now be negated by the large pH-level inductance in the circuit, so mismatch (scenario 2) is mitigated.
Second, these inductors can store significantly more energy and are less prone to changes in state during
transient events. Effectively, it increases the time constant from being on the order of ps to ms. Thus, any
differences in steady-state current will be observed more at a “DC” level, rather than during short time scales
on the PWM level. As shown in section 7, conduction loss differences between parts are very small, and this
overall results in a much more balanced system.
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Figure 40: CIL circuit demonstrating the fundamental source of steady-state imbalance current
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An example DPT simulation result using a 5 pH Lins inductance (L,, L = 5 pH) is shown in Figure 41. The Vyy
imbalance is set to the same as the example in Figure 36. Both the transient mismatch and the mismatch during
the ON pulse are significantly reduced by including Lins in the circuit. When implementing this technique, it is
important to match the impedance of the inserted inductors as best as possible. Slight differences can be
tolerated and still provide benefits to the system, but large differences may introduce further imbalance. It also
may be challenging to implement these inductors in an actual system.
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Figure 41: Parallel DPT simulation result: matched module parameters with asymmetric layout

8.2.4 Implementation in Applications

Implementing this insertion inductance into a system can be done in two ways. The first is to implement the
inductance as a passive component (example: additional filter inductors in a DC-DC converter), and the second
is to attach each midpoint to the load using a matched cable (example: cables attaching a three-phase inverter
to an industrial motor). In general, a larger insertion inductance offers improved matching.

Consider the buck converter circuit in Figure 42. Here, the insertion inductance is added to the midpoint of the
module before connecting to the primary filter inductor, L. Because both Li,s inductances are effectively in
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Figure 42: Parallel buck converter circuit with insertion inductors method
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parallel, their total contribution to the filter inductance is Lins/2. The system with the best balance would have
Lins = 2L, and L removed entirely.

Example simulation results of a synchronous buck converter using two parallel CAB450M12XM3 power modules
are shown in Figure 43 (units of volts equate to °C). The simulation is configured to operate with an 800 V bus at
30 kHz with a 50 % duty cycle. The gate resistance is set to 3.3 Q and the load current is 533 A. AV shift is added
to one of the modules to introduce an imbalance. The top plot shows the standard configuration with a direct
connection between the midpoints of each module. Here, the difference in temperature between the two high-
side switch positionsis around 36°C. The difference in the load currentincludes both a large DC offset, and large
transient spikes caused by the Vry mismatch (similar to Figure 36). In the second subplot, 10 pH insertion
inductors are added to each module before connecting to the load. This has several impacts on the results.
First, the AT, is decreased by around 12°C. Second, the difference in the load current becomes a steady DC
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Figure 43: Synchronous Buck Converter HS mismatch between junction temperature and load current
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response, and the higher-frequency mismatch is removed. Third, the system is less susceptible to layout
mismatch (the standard configuration was assumed to be perfectly matched - but this is not practical). The
reduction in mismatch could be improved by increasing the magnitude of Lins.

For systems that drive physical machines (such as a 3-phase motor drive), the insertion inductance is more
difficult to add to the system. One method is to connect the midpoint of each module to the load using an
individual cable (then the midpoints of each module terminate at the load, rather than at the bussing). Each
cable should have the same properties such that their impedance is matched. This method was employed in
[19]. The resulting circuit for a three-phase motor drive using two parallel modules at each phase is shown in
Figure 44.

Phase A . A Phase B _ ) Phase C

— —

e~ e le- b e I
L H— H— — — (o H

I—ins

— — — - — —

& e & b &

H H — — H

Figure 44: Insertion inductor implementation for a three-phase inverter using two parallel modules at each
phase

The system Figure 44 was implemented into LTspice using CAB450M12XM3 power modules. 1 pH insertion
inductors were added to the midpoints of both modules in phase A, but not to phase B or C. An identical V4
shift was added to one of the modules in each phase. The results of the simulation are shown in Figure 45. The
top subplot shows the AT, between the die in phase A and phase B. While the two modules in phase B differ by
~30°C, the imbalance in phase A is less than 15°C. The difference in imbalance between the modules in both
phases is apparent from the load current comparisons in the following subplots. Similar to what was observed
with the buck converter, the high-frequency dynamic mismatch is reduced by including the insertion
inductance into the system.
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Figure 45: Mismatch comparison between two phases of a 3-phase inverter with two parallel modules. One
phase uses 1 uH insertion inductors and one phase does not.

Load currents with insertion inductance
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8.3 Empirical Testing: Sensitivity Analysis
This section studies the empirical setup described in Section 3 to understand the sensitivity of different circuit
and module parameters on current sharing and dynamic behavior during switching.

8.3.1 Stray Inductance: Power & Gate Loop
Stray inductance is a primary contributor to voltage overshoot and ringing during switching. Here, stray
inductance in the power loop refers to any inductance in the primary power path that is subject to high
frequency switching transients, and the gate loop

refers to any stray inductance between the output of LStray

the gate driver and the gate/source of the die. See

P ————
Figure .46 for-a d(-.zfmltlon of these two paths in a typical : Commutation
half-bridge circuit. Path

1
|
To understand the influence of power loop and gate i
loop inductance on current sharing, additional spacers |
were added to module C as shown in Figure 47. The : )
added inductance from these spacers represents a Vin C:) :
1
I
1
1

|
___—(______’

significant increase in the power loop inductance of
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A zoomed-out comparison of the empirical results of

this testing are shown in shown in Figure 48. Theresults ~ Figure 46: Power loop & gate loop stray inductance
definitions

demonstrate only a minor change in the current

Gate driver uses standoff
extensions (higher inductance)

Spacers added to power
terminals of module C

el —— ——

Figure 47: Configuration with additional power loop and gate loop inductance added to module C
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sharing between the three modules. However, the system does demonstrate increased Vss overshoot, and the
additional inductance may also result in increased Vps overshoot at the die in each module.

30 Symmetric Configuration 30 Inductance added to module C (gate + power)
O U SRR SOPRRRPRUUN SURRTRRPROR OF SRR Higher Vs overshoot
20 1 20 1
— <
= 107 1 = 107 1
C
a o
> 0 L 4 — O L 4
Module A 3 F_
10t Module B | 10 |
Module C
-20 = : ‘ : : -20 — : ‘ ‘ ‘
0 5 10 15 20 25 0 5 10 15 20 25
Time (us) Time (us)
400 1 400 F ]
| | I Slightly worse
300 < 300 current |
P = matching
=~ 200+ 4 € 200 ]
D (0]
>’ 5
100 | 1+ O 1007 1
0 H 0 H
0 5 10 15 20 25 0 5 10 15 20 25
Time (us) Time (us)

Figure 48: Zoomed-out comparison between paralleled CAB450M12XM3 power modules - symmetric
configuration (left) and asymmetric configuration with additional inductance added to module C (right)

Figure 49 and Figure 50 show the zoomed-in waveforms from Figure 57 at the turn-off and turn-on events. The
drain current measurements show very little difference between the two test configurations. However, it is
noted there is greater mismatch during the ‘steady state’ operating region. This is likely caused by changes in
the midpoint inductance of module C, rather than the power loop. The differences in the gate-source voltage
measurements are more apparent, with increased voltage overshoot and undershoot observed in module C.

Implications

Asymmetry of the stray inductance in the power and gate loop between paralleled modules is not a sensitive
parameter for dynamic current sharing. The implications of increasing these inductances are the same for a
non-paralleled system: increased voltage overshoot and electromagnetic interference (EMI). It is recommended
to minimize these inductances to maximize performance; asymmetry is problematic in the sense that any safe
operating area excursions will be caused by the module with the highestinductance, rather than the asymmetry
itself being the issue.
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Figure 49: Comparison of drain current and gate-source voltage of paralleled modules with symmetric
power/gate loop
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Figure 50: Comparison of drain current and gate-source voltage of paralleled modules with asymmetric
power/gate loop
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8.3.2 Gate Driver Variability

In Figure 9, it was noted that each gate driver is connected to the control input signal in series. That is, there is
additional copper that the signal must propagate through from the controller to each gate drive, with module
A having the shortest propagation time and module C having the highest. In this configuration, the gate driver
for module A will be instructed to turn on before the gate drivers of modules B and C, and thus module A will be
turned on sooner, resulting in imbalance.

To demonstrate this, consider the measurements of two configurations in Figure 51 and Figure 52. Figure 51 is
for the baseline configuration, with the ribbon cable connected from module A to B to C. Figure 52 is of a
modified configuration, with the ribbon cable connected from module C to B to A. Module C has the lowest Vr,
and module A has the highest V. It is expected that lower Vry will result in a module turning off last, and on
first, resulting in higher losses at both turn-off and turn-on.

In Figure 51, the gate signal of module A transitions states first at both turn off and turn on, and module C
transitions last. At turn off, module C (as expected) turns off last and has the highest switching losses of the
three modules. At turn on, however, module A has the highest losses, despite having the highest V.

In Figure 52 now the gate signal of module C transitions states first for both turn off and turn on. Interestingly,
the imbalance between current at turn-off is effectively eliminated, and module A has the highest losses.
However, at turn on, module C now turns on significantly earlier than the other modules and has higher losses.

Baseline: PWM Signal Propagation: A->B->C
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Figure 51: Comparison of drain current and gate-source voltage of paralleled modules with PWM signal
propagating from A to B to C
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Figure 52: Comparison of drain current and gate-source voltage of paralleled modules with PWM signal
propagating from Cto Bto A

This result is intuitive. During the turn-off event, it is the module that turns off last that is subject to the highest
losses because 1) it conducts a higher share of current and 2) the other modules transition states while the
voltage across the switches is very small (reminiscent of synchronous switching). During the turn-on event, it is
the module that turns on first that is subject to the highest losses for these same reasons. A module driven by a
gate driver with higher propagation delay will turn off later and turn on later, causing opposite effects in losses
(greater turn off, lower turn on).

Implications

It is important that the gate signal to each paralleled module is initiated at the same time. Differences in
propagation delay (from the controller to the gate driver) or other gate driver characteristics can have
significant influences on switching losses. In the provided example, propagation delay differences on the order
of nanoseconds resulted in mJ-level differences in switching losses.

e Ensure that the PWM signal from the controller has the same propagation time to each module through
cable length matching or trace length matching on a PCB

e Study the variability of chosen gate driver components to implement necessary margin in a design
e Choose gate driver components with tighter tolerances

e Implement symmetry in the gate driver design
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8.3.3 Gate Driver: Common vs. Multiple

In Section 5.1, the difference between a common gate driver and multiple gate driver approach was discussed.
Referring to Figure 12, a common gate driver uses a single gate driver chip to drive multiple module switch
positions in parallel, while a multiple gate driver approach uses a single gate driver chip per module. As shown
with propagation delay, asymmetries in the gate driver implementation can have significant influences on the
switching behavior of the module. A design that symmetrically drives the gates of each paralleled device is
crucial for dynamic current balancing.

To study the differences between these two approaches, two configurations of modules with matching V., were
measured on the empirical measurement testbed under two configurations: the standard setup with an
isolated gate driver attached to each module, and a modified condition that uses a single gate driver to drive
each module simultaneously. For this configuration, a PCB is used to connect from the single gate driver to the
gate-kelvin pins of each XM module. The gate resistances were added at the module and split across gate/kelvin
according to Figure 12.

Figure 53 and Figure 54 show the drain current and gate-source voltage waveforms for the same three modules
at the same conditions. The Vry of these modules is nearly equal but increases from module A to module C (this
means it is expected that module A has the highest losses, followed by module B then C). Figure 53 shows the
results for the multiple gate driver approach, while Figure 54 shows the results for the common/single gate
driver approach. The dynamic current sharing is significantly improved by the common/single gate driver
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Figure 53: Comparison of drain current and gate-source voltage of paralleled modules with an isolated gate
driver driving each module
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Common Gate Driver Approach
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Figure 54: Comparison of drain current and gate-source voltage of paralleled modules with one gate driver
driving all modules

implementation. In the multiple gate driver approach, the gate signal to module A begins turning the module
off/on much sooner than the other two modules. This results in module A having lower turn-off losses than
module B, despite having a lower threshold voltage. At turn-on, module A instead has the highest losses; this
reversal in the expected trend from Vry indicates that other system characteristics are affecting the dynamic
current sharing.

The waveforms in Figure 54 using the common gate driver are significantly improved. The current mismatch
between each module during the transient event is greatly reduced, and the turn-off and turn-on losses are very
similar between each module. The energy loss trends expected with the Vry of each module is as expected
because the gate signals overlay on top of each other, and there is little to no timing mismatch between them
(so any mismatch is a consequence of the module characteristics or layout, rather than the gate drivers). One
unexpected improvement in the waveforms is the improvement in EMI/oscillations. In Figure 53, after the turn-
on event, high-frequency multi-modal oscillations are present for each waveform and is not identical between
each device. In Figure 54, the ringing after the turn-on event is at a single frequency and is identical between
each module. This is important to consider when designing a system for compliance.

A second example is provided in Figure 55 and Figure 56. The configurations of the testing are identical as
before, but for different modules (again with matched Vry) at higher currents (~800 A for each module) and
showing the instantaneous power waveforms instead of the gate-source voltage waveforms. The conclusions
of this testing are identical to what was shown before: the dynamic current matching and waveform quality is

PRD-08911 REV. 1, January 2025 Considerations for Current Balancing in Paralleled SiC Power Modules

© 2025 Wolfspeed, Inc. All rights reserved. Wolfspeed® and the Wolfstreak logo are registered trademarks and the Wolfspeed logo is a trademark of 54
Wolfspeed, Inc. Other trademarks, products, and company names are the property of their respective owners and do not imply specific product

and/or vendor endorsement, sponsorship, or association. This document is provided for informational purposes only and is not a warranty or a

specification. For product specifications, please see the data sheets at www.wolfspeed.com.



.
Wolfspeed.
improved significantly with the common gate driver approach. In Figure 55, module B again has the highest

Multiple Gate Driver Approach
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Figure 55: Comparison of drain current and gate-source voltage of paralleled modules with an isolated gate

Common Gate Driver Approach

Turn Off Current Turn On Current

1000 T 1000 T T
Phase A
800 Phase B | |
Phase C 800 -
. 600 1
< Well-matched < gooF  Well-matched y
S 00t current 5 current
S 200 H S oor |
A:VTH =255V, RDS =2.75mQ
0| BV =257V, Ry = 2.85 mQ) 200 F 8
CiVy,, =257 V, Ry =277 mQ
200 I N i L \ 0 L i i ! :
1.3 1.35 1.4 1.45 15 1.55 1.6 1.2 1.25 1.3 1.35 1.4 1.45 15
Time (us) Time (us)
800 : Turn 0f|f Power . i 500 : Turn OI"I Power :
700 L| A Eopr =489 mJ | A Eg, =389 mJ
- = 400 | B: = s
so0 | B Eopp = 46.9mJ | B:Eg, =37.5mJ
CiE -=41.1mJ C:E., =37.0mJ
= 500 OFF Well-matched s 300 ON ]
2 power =
g 400 - 1 :S 200 g
S 300 f 1 3
o O 100t .
200 - 8
100 - - 0
0 n L L . 100 . . . . .
13 1.35 14 145 15 1.55 16 12 1.25 13 1.35 14 1.45 15
Time (us) Time (us)

Figure 56: Comparison of drain current and gate-source voltage of paralleled modules with one gate driver
driving all modules
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losses at turn-off and module A has the highest losses at turn-on. This suggests that whichever layout/gate
driver asymmetries in the prior example had a consistent effect on the dynamic current sharing in the system.
In Figure 56, the modules show good dynamic current sharing at both turn-off and turn-on, and again the
oscillations in the system are at a single frequency that is identical for each module.

Implications
While a multiple gate driver approach offers some advantages, inherent variation in signal timing and

characteristics of components can cause significant imbalance between paralleled modules. When possible, it
is recommended to employ a common gate driver approach to improve dynamic current balancing. However,
it is important to ensure to follow the connection configuration in Figure 12 and match the gate loop
inductance/propagation delay from the gate driver to each module.

It may not always be possible to implement this approach. If a gate driver or buffer is used to drive each module,
consider how that component tolerance or any control signal delays will affect mismatch. These asymmetries
should be minimized as much as possible and considered in the design margin.

8.3.4 V3, Mismatch

The prior examples have shown that the layout and gate driver configuration can have a significant influence
on the dynamic current sharing of paralleled modules. The system should be optimized as much as possible
before considering the variation of module characteristics, as it has been shown that even perfectly matched
modules can have mismatch if the system is not designed properly. However, the V1 characteristics do affect
the dynamic current sharing between devices. Figure 57, Figure 58, and Figure 59 show waveforms for three
different combinations of Vrywith the default configuration in Figure 6 (note: each module is in series with a 10
mQ current shunt, so Roson differences will have a negligible influence on the system). These tests are performed
using the same unoptimized layout that has mismatched load impedance, gate driver propagation delay, and
uses the multiple gate driver approach. Thus, this testing will also be influenced by these asymmetries and is
not reflective of how an optimized system with the provided Vry mismatch would perform.

Three examples of waveforms with varying Vry mismatch are provided in the following figures. These examples
only populate modules Aand C, while leaving module B unpopulated. Figure 57 shows an example with minimal
AVt (0.04 V), Figure 58 shows an example with a moderate AVry (0.14 V), and Figure 59 shows an example with
a high AV (0.26 V). As the difference in Vry increases, the current imbalance and subsequent energy loss
imbalance increases as well. Throughout this analysis, it has been shown that the layout and gate driver
surrounding module A biases it for lower turn-off and greater turn-on losses; this trend is again evident in Figure
58 and Figure 59 (in Figure 58, the module C Vqy is lower, but this negated by the systemically higher losses in
module A, resulting in near-matching).

Implications
Higher Vi, imbalance between modules will generally lead to worsened switching loss imbalance. It is

recommended to follow the procedures described in Section 6.2 to minimize mismatch. Binning procedures
can be implemented for best performance, but it is recommended to optimize the surrounding system before
implementing such measures. A properly designed system with implemented margin is sufficient for most
designs.
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Figure 57: Module parallel example (2 modules) with minimal Vrwimbalance. Conditions: 25°C, 0 Q (OFF),
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Figure 58: Module parallel example (2 modules) with Vrwimbalance and Rpsimbalance. Conditions: 25°C, 0 Q
(OFF), 0 Q (ON), 800 V, 900 A
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Figure 59: Module parallel example (2 modules) with V-, imbalance. Conditions: 25°C, 0 Q (OFF), 0 Q (ON), 800
V, 900 A

8.4 Dynamic Mismatch: Operating Regions of Interest

The importance of dynamic current sharing depends on the operating conditions of the application. In general,

conditions that result in higher switching losses will result in higher temperature differences between

paralleled modules. For example, increasing the switching frequency, load current, or gate resistance will lead

to worsened mismatch. Figure 60 shows a heatmap of temperature imbalance for two CAB450M12XM3 power
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Figure 60: Heatmap of dynamic losses across load current and switching frequency: applications at higher
switching frequencies are more prone to temperature imbalance caused by Vry
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modules using empirically measured switching loss imbalance at an 800 V bus with 0 Q Rs. The estimated
temperature mismatch increases with switching frequency and load current. In particular, systems operating
at lower switching frequencies (around 20 kHz and below) are less susceptible to temperature imbalance
caused by dynamic imbalance. Many systems operating in this region do not require mitigation methods
beyond basic layout principles to operate within specifications.

8.5 Reverse Conduction & Reverse Recovery

The recommendations and trends provided to improve the forward conduction and switching loss imbalance
for power modules applies equally to the reverse conduction and reverse recovery behavior, but with the
following differences:

e Reverse conduction loss during the OFF state is determined by the body diode forward voltage, not

RDS,ON
e Reverse recovery losses do not have strong dependencies on static MOSFET parameters

e Reverse recovery losses are extremely small compared to switching losses and are negligible when
considering power loss imbalance

For example, consider the reverse recovery current waveforms in Figure 61. The top plot shows the reverse
recovery current for a system using a single gate driver for each module, and the bottom plot shows a
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Figure 61: Reverse recovery module paralleling with multiple gate drivers (top) and a common gate driver
(bottom)
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measurement of the same configuration but with a common gate driver. As had been seen in normal switching
waveforms, module A transitions first due to the shorter gate driver propagation delay, and the system shows
much better current sharing performance with the common gate driver. However, note that the reverse
recovery losses are on the order of 0.1 mJ - 0.3 mJ, which are two orders of magnitude less than has been seen
with switching losses for this module.

8.6 Conclusions
Table 1: Dynamic Current Sharing Considerations

Importance for

Design Parameter Dynamic Current Comments
Sharing

Power loop inductance should be minimized to
Low reduce Vps overshoot, but has minimal affect
current sharing

Power Loop Inductance
Imbalance

Gate loop inductance should be minimized to
Low reduce Vgs overshoot, but has minimal affect
current sharing

Gate Loop Inductance
Imbalance

Modules should have a symmetric attachment to

Load Impedance the load. Inserting inductance between each

Mismatch High module and the load can reduce mismatch.
Connect midpoints at the load, instead of at the bus
Common gate driver implementations offer
Gate Driver High significantly better current sharing than distributed
Implementation gate driver approaches. Propagation delay of
signals
Increased Vryimbalance between modules can
—_— . increase dynamic mismatch. Before addressing this
Module Characteristics Medium

issue, ensure that the layout and gate driver
implementations are optimized.

9. Short-Circuit Protection

For more information on short-circuit failures and DESAT protection circuits, see PRD-08296.

The implementation of short-circuit protection (usually with a desaturation detection circuit, or DESAT)
depends on the gate driver implementation (see Figure 12). When implementing short-circuit protection using
the multiple gate driver approach, the protection can be implemented on each moduleinisolation per standard
design practices. During a short-circuit event, the module with 1) the lowest impedance connection to the load
and/or 2) the lowest Rps on Will conduct the most current, and usually trip first. After the module trips, the current
will then flow through the remaining paralleled modules, which will then trip, and the system will be protected.

Two example short circuit events for three paralleled CAB450M12XM3 power modules are shown in Figure 62.
On the left, the load is shorted and connected from La to V.ain Figure 7 (lowest inductance to module A). On the
right, the load is shorted from both La to Via and Lc to V.c (inductance balanced to module A and C, highest to
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module B). The location of the shorted load has a significant effect on the current through each module. On the
left, module A conducts more current than B or C, and the protection activates first. The current from module A
then flows through B and C, and the protection circuits trip. On the right, all three modules conduct evenly until
module C trips, in which the current then flows through A and B until they trip. This suggests that, for short-
circuit events caused by a shorted load, the impedance between the load and each module plays an important
role in the current they are subjected to during a short circuit.

For systems using a single gate driver, the DESAT circuit can be applied either at a single module oratacommon
node between the modules. If the DESAT circuit is applied to a single module, there may be a delay in detection.
For example, consider if module B were configured with the DESAT circuit in the test setup shown in the left of
Figure 62. If the DESAT circuit is applied to a common mode between the modules, the DESAT circuit may not
work effectively. Any designs using these approaches will need to be tested and validated to ensure that they
are robust and meet the system requirements.
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farthest from C farthest from B
L Module A | | |
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Figure 62: Short circuit event with load shorted closest to module A (left) and load shorted across both module
Aand C (right)
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